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ABSTRACT 


Human  FEN1  Expression  and  Solubility  Patterns 

in  DNA  Replication  and  Repair 

Richard  J.  Carrier 
Green  College 

Submitted  for  the  Degree  of  Doctor  of  Philosophy 
Trinity  Term,  1999 

Flap  endo-/exonuclease  (FEN1)  is  a  highly  conserved  protein  shown  to  be  one  of  10 
essential  human  proteins  required  for  the  production  of  form  I  DNA  following  DNA 
replication  from  the  simian  virus  40  (SV40)  origin  of  replication  in  vitro.  Human  FEN1, 
and  FEN1  homologues  from  yeast  to  mammals,  are  also  implicated  in  different  forms  of 
DNA  repair.  In  this  thesis,  I  provide  additional  evidence  supporting  human  FENl’s  role 
in  nuclear  DNA  replication  in  vivo.  I  show  that  human  FEN1  mRNA  and  protein  levels 
increase  in  a  cell  cycle-dependent  manner,  with  peak  mRNA  and  protein  levels  attained 
coincident  with  S  phase  DNA  replication  in  both  primary  and  transformed  cells.  Using 
novel  antibodies  that  recognize  human  FEN1,  I  further  show  that  very  little  DNase  I- 
extractable  FEN1  protein  is  present  in  S  phase  cells,  suggesting  that  FEN1  protein  is  not 
stably  associated  with  DNA,  or  DNA-associated  proteins  such  as  PCNA.  Furthermore,  I 
demonstrate  that  substantial  levels  of  insoluble  (SDS-extracted)  FEN1  protein  are  present 
in  human  cells  throughout  the  cell  cycle.  Fluorescence  microscopic  analysis  of  HeLa 
cells  transfected  with  Green  Fluorescent  Protein-human  FEN1  (GFP-FEN1)  plasmid 
cDNA  also  supports  this  observation,  and  further  suggests  that  human  FEN1  is  a  nuclear 
protein,  supporting  a  role  for  human  FEN1  protein  during  nuclear  DNA  replication  in 
vivo.  Human  SV40-transformed  MRC-5  (MRC5-SV)  cells  treated  with  UV  irradiation  or 
the  alkylating  agent  MMS  show  no  significant  increase  in  either  FEN1  mRNA  or  protein 


levels,  or  any  changes  in  FEN1  protein  solubility.  In  light  of  those  observations,  a 
potential  role  for  FEN1  protein  in  DNA  repair  is  discussed  in  context  of  a  proposed 
mechanism  of  FEN1  enzyme  activity  during  DNA  replication.  Lastly,  examination  of  the 
recently  available  human  FEN1  genomic  DNA  sequence,  and  computer  analysis  of  the 
DNA  sequence  5’  to  the  FEN1  open  reading  frame  (ORF),  suggest  a  putative 
transcriptional  start  site,  as  well  as  several  putative  transcriptional  regulatory  elements 
that  may  control  the  cell  cycle-dependent  or  DNA  repair-dependent  expression  of  the 
human  FEN1  gene. 
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CHAPTER  ONE:  INTRODUCTION 


1-1  The  Cell  Cycle 

Two  fundamental  properties  of  all  living  organisms  are  their  capacity  to  grow 
and  reproduce.  From  single-cell  yeast,  to  complex  multi-cellular  organisms  such  as 
mammals,  cell  division  typically  follows  a  period  of  growth  and  DNA  synthesis.  The 
mechanism  by  which  eukaryotic  cells  coordinate  the  inseparable  processes  of  growth 
and  division  is  best  described  by  the  cell  cycle  (Figure  1-1). 

Figure  1-1  typical  eukaryotic  cell  cycle 

Although  simplistic  in  detail,  the  typical  eukaryotic  cell  cycle  depicted  in 
Figure  1-1  graphically  illustrates  how  cell  division  (mitosis  and  cytokinesis)  is 
preceded  by  a  period  of  growth  (Gj  phase)  and  DNA  synthesis  (S  phase).  In  an 
asynchronous  cell  population,  most  cells  exist  in  the  Gi  phase  of  the  cell  cycle  (see 
Figure  1-2),  performing  housekeeping  and  metabolic  processes  necessary  for  growth 
and  maintenance.  It  is  also  the  most  variable  phase  in  terms  of  duration.  During 
DNA  synthesis  (S  phase),  cells  replicate  their  nuclear  DNA  in  preparation  for  cell 
division;  this  phase  also  may  vary  in  duration  between  different  cell  types.  The  G2 
phase  is  an  intervening  gap  between  S  phase  and  mitosis  (M)  and  allows  for 
corrections  of  deficiencies  arising  from  DNA  replication,  and  further  growth.  Finally, 
during  mitosis  (M),  newly  replicated  sister  chromatids  are  equally  segregated  before 
the  actual  cellular  division  (cytokinesis)  occurs  at  the  end  of  the  cell  cycle.  Unlike 
the  other  cell  cycle  phases,  the  length  of  mitosis  and  cytokinesis  varies  little  within 
individual  cell  populations. 


To  study  how  cell  cycle  progression  is  controlled,  it  is  essential  to  dissect  the 
process  and  determine  where  cells  are  within  the  cycle.  Determining  cell  cycle  stage 
can  be  accomplished  by  measuring  DNA  content  during  flow  cytometry.  Specialized 
spectrophotometers  can  measure  the  amount  of  DNA  in  individual  cells  by  detecting 
the  fluorescence  from  DNA-binding  dyes  like  propidium  iodide.  After  numerous 
cells  pass  through  the  spectrophotometer  (often  called  a  FACS,  fluorescence-activated 
cell  sorter),  the  FACS  software  provides  a  readout  of  the  distribution  of  cells  with 
different  fluorescence  intensities  (DNA  content)  within  the  population.  Figure  1-2 
shows  that  cells  in  G2  and  M  (prior  to  cytokinesis)  have  twice  the  fluorescence 
intensity  (DNA  content)  of  cells  in  Gi,  while  cells  in  S  phase  have  an  intermediate 
amount.  By  using  synchronized  cell  populations,  as  verified  by  FACS  analysis, 
cellular  changes  in  components  such  as  RNA  and  protein  levels  can  be  examined  as 
cell  populations  progress  from  one  cell  cycle  phase  to  the  next. 

Figure  1-2  FACS  analysis  of  asynchronous  cell  population 

1-2  Cell  Cycle  Regulatory  Mechanisms 

Numerous  proteins  have  been  discovered  that  play  key  roles  in  regulating  cell 
cycle  progression  (reviewed  by  Elledge,  1996;  Nasmyth,  1996).  These  proteins 
participate  in  various  processes  such  as  transcriptional  regulation,  post-translational 
modification,  proteolysis  (reviewed  by  King  el  al.,  1996),  and  other  positive  and 
negative  regulation  of  cellular  replicative  processes.  Early  studies,  using  the 
techniques  of  nuclear  transplantation  (Gurdon,  1967)  and  cell  fusion  (Rao  and 
Johnson,  1970),  discovered  that  entry  into  the  various  stages,  especially  the  DNA 


synthesis  (S)  and  mitotic  (M)  phases  of  the  cell  cycle,  were  controlled  by  ‘trans¬ 
acting’  cytoplasmic  inducers.  Pioneering  genetic  analyses  in  the  yeasts  S.  pombe 
(Nurse  et  al.,  1976)  and  S.  cerevisiae  (Hartwell  et  al.,  1970),  along  with  studies  of 
amphibian  oocytes  and  eggs  from  Rana  pipiens  (Masui  and  Makert,  1971)  and 
Xenopus  (Harland  and  Laskey,  1980;  Newport  and  Kirschner,  1984),  led  to  the 
subsequent  discovery  of  cyclins  (Rosenthal  et  al.,  1980;  Evans  et  al.,  1983)  and 
cyclin-dependent  kinases  (CDKs,  Nurse  and  Bissett,  1981;  Gautier  et  al.,  1988),  and 
helped  demonstrate  how  CDKs  and  phosphatases  account  for  the  phosphorylation  and 
dephosphorylation  events  that  help  drive  cell  cycle  progression  (reviewed  by  Nigg, 
1995). 

Figure  1-3  Major  cyclin-CDK  complexes  during  mammalian  cell  cycle  progression 

Figure  1-3  is  a  simplistic  model  (adapted  from  Hutchinson  and  Glover,  1995) 
demonstrating  the  periodicity  of  cyclin-CDK  interactions  that  helps  drive  higher 
eukaryotic  cell  cycle  progression.  To  effect  an  orderly  cell  cycle  progression, 
activated  CDKs  function  by  phosphorylating  target  proteins  in  a  cell  cycle-dependent 
manner  (reviewed  by  Lees,  1995).  Monomeric  CDKs  have  virtually  no  kinase 
activity.  They  require  the  binding  of  cyclin  regulatory  subunits  as  an  initial  step  in 
their  activation  process  (Koff  et  al,  1992,  Lahue  et  al.,  1991).  Additionally,  the 
recently  solved  crystal  structure  of  cyclin  A-CDK2  demonstrated  that  cyclin  A 
binding  results  in  exposure  and  stabilization  of  the  catalytic  and  CDK-activating 
kinase  (CAK)  phosphorylation  (T160)  sites  on  CDK2  by  allosterically  inducing 
displacement  of  the  T  loop  of  inactivated  CDK2  (Jeffrey  et  al.,  1995;  Russo  et  al.. 


1996).  It  is  thought  that  this  step  in  the  activation  process  may  be  applicable  to  all 
cyclin-CDK  interactions.  Figure  1-3  also  shows  that  in  higher  eukaryotes,  a  number 
of  different  cyclins  bind  and  activate  different  CDKs  in  a  temporally-specific  manner. 
The  periodic  synthesis  and  proteolytic  degradation  of  cyclins  modulates  their  CDK 
association  and  helps  drive  cell  cycle  progression  (Imiger  et  al,  1995;  King  et  al, 
1995;  reviewed  by  King  et  al,  1996). 

Cyclins  are  not  the  only  components  of  the  cell  cycle  machinery  that  are 
subject  to  regulation.  CDKs,  themselves,  are  regulated  by  phosphorylation  and 
dephosphorylation  events  of  key  amino  acid  residues.  For  example,  CAK 
phosphorylation  of  the  conserved  CDK  T160  residue  serves  to  activate  cyclin-CDK 
complexes  (Lee  et  al.,  1991),  while  inhibitory  phosphorylation  of  T14  or  Y15 
residues  by  other  kinases  can  be  reversed  by  de-phosphorylation  of  those  sites  by  the 
cdc25  protein  phosphatase  (reviewed  by  Pines,  1995). 

CDKs  and  cyclin-CDK  complexes  can  also  be  regulated  by  association  with 
proteins  known  as  cyclin-dependent  kinase  inhibitors  (CKIs).  These  CKIs  negatively 
regulate  CDK  activity  through  their  association  and  binding  to  cyclins,  CDKs,  or 
cyclin-CDK  complexes  (reviewed  by  Sherr  and  Roberts,  1995).  Two  families  of 
CDK  inhibitors  have  been  discovered.  The  Ink4  family  includes  pi (Lee  et  al., 
1995),  pl6Ink4a  (Serrano  et  al,  1993),  (Guan  et  al,  1994),  and  pl9Ink4d  (El- 

Deiry  et  al.,  1993)  proteins  which  specifically  inhibit  the  cyclin  D-dependent  kinases 
CDK4  and  CDK6.  The  structurally  unrelated  Cip/Kip  family  of  CKIs  includes 
p21cipi/wafi  (Harpe,.  et  a/>  l993;  Hl-Deiry  et  al,  1993),  p27iapi  (Polyak  et  al.,  1993), 
and  pS?^2  (Lee  et  al.,  1995)  which  can  interact  and  inhibit  several  different  cyclin- 
CDK  complexes;  although  different  affinities  for  the  various  cyclin-CDK  complexes 


suggests  that  the  inhibition  predominantly  targets  Gi  cyclin-CDK  complexes  (Gu  et 
al.,  1993;  Harper  et  al.,  1995;  reviewed  by  Sherr  and  Roberts,  1995).  Additionally, 
the  C1P1/WAF1  gene  has  been  shown  to  be  transcriptionally-induced  by  the  tumour 
suppressor  protein  p53  in  response  to  some  forms  of  DNA  damage  (El-Deiry  et  al., 
1993),  linking  DNA  damage  and  p53-mediated  cell  cycle  arrest.  CIP1/WAF1 
induction  in  response  to  DNA  damage  is  just  one  of  many  examples  of  cellular 
surveillance  mechanisms  involved  in  cell  cycle  regulation. 

Coordination  of  the  timing  and  order  of  cell  cycle  events  is  critical  for  high 
fidelity  transmission  of  genetic  information  from  one  generation  to  the  next.  As  a 
result,  it  is  thought  that  numerous  biochemical  pathways  and  feedback  mechanisms 
have  evolved  to  ensure  that  the  initiation  of  particular  cell  cycle  events  is  dependent 
on  successful  completion  of  the  previous  event  (Hartwell  and  Weinert,  1989).  Failing 
to  repair  DNA  damage  or  replication  errors,  entering  mitosis  with  unreplicated  DNA, 
or  initiating  chromatid  segregation  during  anaphase  before  aligning  chromosomes  on 
the  mitotic  spindle  may  give  rise  to  dead  or  mutant  cells.  The  term  ‘cell  cycle 
checkpoint’  refers  to  the  process  of  monitoring  cell  cycle  events,  such  as  DNA 
replication  and  mitotic  spindle  assembly,  generating  signals  in  response  to  completion 
or  errors  in  these  processes,  and  allowing  progression,  or  arresting  the  cell  cycle  at 
particular  points  in  time  (Hartwell  and  Weinert,  1989;  reviewed  by  Murray,  1994  and 
Elledge,  1996). 

1-3  DNA  Damage,  Repair,  and  Cell  Cycle  Checkpoints 

DNA  damage  can  arise  as  a  result  of  spontaneous  mutational  events  or 
environmental  mutagens  (reviewed  by  Friedberg  et  al.,  1995).  To  maintain  their 


genomic  integrity,  cells  must  be  able  both  to  recognize  and  to  repair  DNA  damage. 
Additionally,  proliferating  cells  must  also  be  able  to  delay  cell  cycle  progression  to 
allow  any  necessary  DNA  repair  to  avoid  fixing  mutated  DNA  sequences  as  a  result 
of  DNA  replication  and  subsequent  cell  division. 

Various  types  of  DNA  damage  elicit  different  cellular  responses.  DNA  helix¬ 
distorting  lesions  such  as  pyrimidine  dimers  and  6-4  photoproducts  caused  by  UV 
irradiation  appear  to  be  repaired  primarily  by  nucleotide  excision  repair  (NER) 
pathways  (reviewed  by  Lindahl  et  al.,  1997).  Bulky  DNA  adducts  and  base 
modifications  caused  by  alkylation  damage  and  oxidative  stress  are  repaired  by 
cellular  base  excision  repair  (BER)  processes  (reviewed  by  Croteau  and  Bohr,  1997). 
Further  damage  caused  by  ionizing  radiation  and  some  chemotherapeutic  agents  such 
as  etoposide  and  adriamycin  result  in  double  strand  DNA  breaks  that  appear  to  be 
corrected  by  both  DNA  end-joining  and  homologous  recombination  mechanisms 
(reviewed  by  Chu,  1997).  Finally,  DNA  mismatches  that  result  from  replication 
errors  or  DNA  damage  are  resolved  primarily  by  mismatch  repair  pathways  (reviewed 
by  Modrich,  1997). 

Many  human  diseases  such  as  cancer,  xeroderma  pigmentosum  (XP)  and 
ataxia  telangiectasia  (AT)  are  characterized  by  genomic  instability,  and  are  linked  to 
DNA  repair  deficiencies.  Numerous  genes  associated  with  these  human  diseases  have 
been  discovered  by  genetic  complementation  and  pedigree  analyses,  but  discovering 
those  genes’  functional  relevance  in  disease  progression  has  been  accelerated  in 
recent  years  by  comparative  studies  in  other  model  systems. 

Genetic  and  biochemical  studies  in  organisms  as  diverse  as  yeast  and  humans 
show  that  many  DNA  repair  processes  are  highly  conserved.  XP  has  been  identified 


as  a  human  DNA  repair  disorder  where  patients  exhibit  hypersensitivity  to  sun  light 
(UV)  and  are  predisposed  to  skin  cancer  and  other  degenerative  conditions  (reviewed 
by  Wang,  1998).  Studies  of  yeast  mutants  that  are  also  hypersensitive  to  UV 
irradiation  and  exhibit  DNA  repair  defects  have  revealed  that  many  yeast  DNA  repair 
mechanisms  appear  to  be  conserved  in  mammalian  systems.  For  example,  during 
mammalian  NER  of  UV-induced  damage  in  vitro,  it  has  been  shown  that  the 
structure-specific  nucleases  XPF-ERCC1  and  XPG  are  responsible  for  cleaving  the 
5’-  and  3’-  sides  of  the  lesion,  respectively  (Sijbers  et  al.,  1996;  reviewed  by  Wood, 
1997),  whereas  in  the  yeast  S.  cerevisiae,  the  XPF-ERCC1  and  XPG  homologues 
RAD1-RAD10  and  RAD2  function  in  a  similar  manner  (Bardwell  et  al.,  1992; 
O’Donovan  et  al.,  1994).  With  only  a  few  exceptions,  all  known  human  genes 
involved  in  NER  have  identified  homologous  counterparts  in  yeast  (reviewed  by 
Hoeijmakers,  1993). 

Cell  cycle  checkpoint  mechanisms  are  perhaps  best  understood  in  the 
yeasts  S.  pombe  and  S.  cerevisiae.  Because  it  appears  that  yeast  and  mammals  exhibit 
significant  similarities  in  the  actual  temporal  sequence  and  mechanics  of  DNA  repair, 
it  is  thought  that  additional  similarities  may  also  exist  in  cellular  responses  to  DNA 
damage,  particularly  with  regard  to  checkpoint  control  of  cell  proliferation.  Although 
the  absence  of  yeast  homologues  to  higher  eukaryotic  genes  such  as  p53  and 
p2iCIP1/WAF1  suggests  some  differences  exist  between  yeast  and  mammalian  systems, 
similarities  in  other  DNA  repair  and  cell  cycle  checkpoint  mechanisms  are  being 
elucidated.  Figure  1-4  illustrates  how  checkpoint  activation  functions  in  blocking  tell 
cycle  progression  in  response  to  DNA  damage,  incomplete  replication,  or  improper 
spindle  assembly  (reviewed  by  Kitazono  and  Matsumoto,  1998). 


Figure  1-4  Cell  cycle  checkpoints  activation 


The  following  examples  illustrate  the  similarities  between  yeast  and 
mammalian  cell  cycle  checkpoint  mechanisms.  S.pombe  Rad3  and  S.  cerevisiae 
MEC1  genes  exhibit  a  high  degree  of  homology  with  the  ATM  gene  in  mammals, 
which  is  mutated  in  the  recessive  childhood  disease  ataxia  telangiectasia  and 
manifested  by  radiation  sensitivity  and  many  other  degenerative  symptoms  (Savitsky 
et  al.,  1995).  Defects  observed  in  ATM  null  mice  suggest  that  the  AT  phenotype  is 
associated  with  signal-transduction  defects  (Lavin  and  Shiloh,  1997).  Yeast  Rad3  and 
MEC1  mutants  are  not  only  hypersensitive  to  UV  radiation  and  defective  in  DNA 
repair,  they  are  also  unable  to  delay  cell  cycle  progression  in  response  to  radiation- 
induced  damage  (Jimenez  et  al.,  1992;  Weinert  et  al.,  1994).  Similarly,  it  appears 
that  ATM-deficient  human  and  mouse  cells  are  also  unable  to  delay  cell  cycle 
progression  upon  exposure  to  ionizing  radiation  (Savitsky  et  al.,  1996;  reviewed  by 
Elledge,  1996).  Although  not  fully  elucidated,  studies  suggest  that  ATM  protein 
kinase  activity  is  an  important  upstream  element  in  the  p53  and  p2icrE>1/WAF1  proteins 
signaling  cascade,  which  functions  to  block  Gi  to  S  phase  cell  cycle  progression 
(Kastan  et  al.,  1992;  Xu  and  Baltimore,  1996;  Westphal  et  al,  1997;  reviewed  by 
Westphal,  1997). 

To  further  illustrate  similarities  between  yeast  and  mammalian  checkpoint 
mechanisms,  additional  studies  show  that  another  protein  in  the  ATM/Rad3/MEC1 
pathway,  Chkl,  also  functions  in  response  to  DNA  damage  in  both  yeast  and 
mammals  by  phosphorylating  the  Cdc25  phosphatase  (Fumari  et  al.,  1997;  Peng  et 


al.,  1997;  Sanchez  et  al.,  1997).  Phosphoiylation  of  Cdc25  appears  to  lead  to  its 
degradation  and  prevents  Cdc25  activation  of  CDC28  (S.  cerevisiae)/ cdc2  (S. 
pombe)/CDKl  (mammals),  thus  blocking  cells  at  the  G2/M  transition  until  damage  is 
repaired  (Peng  et  al.,  1997). 

Another  possible  similarity  between  yeast  and  mammalian  checkpoint 
mechanisms  is  suggested  by  the  proteins  Rad9  in  S.  cerevisiae  and  BRCA1  in 
humans.  S.  cerevisiae  Rad9p  has  been  shown  to  be  involved  in  cell  cycle  arrest  at 
both  the  Gi/S  and  G2/M  transitions  and  a  slowing  of  S  phase  in  response  to  DNA 
damage  (Weinert  and  Hartwell,  1988;  Siede  et  al.,  1993;  Paulovich  and  Hartwell, 
1995).  The  human  BRCA1  gene  is  often  found  mutated  in  familial  breast  and  ovarian 
cancers  (Futreal  et  al.,  1994),  and  the  BRCA1  protein  contains  BRCT  repeat  domains 
(Koonin  et  al.,  1996)  that  are  also  found  in  Rad9  (Bork  et  al.,  1997).  Both  Rad9  and 
BRCA1  proteins  are  putative  transcription  factors  that  are  phosphorylated  at  the  Gl/S 
transition  and  become  further  phosphorylated  when  cells  are  exposed  to  UV  or 
ionizing  radiation  (Vialard  et  al.,  1998).  It  is  thought  that  they  may  have  similar  DNA 
damage  checkpoint  functions  not  yet  determined  (Vialard  et  al.,  1998). 

1-4  Controlling  the  Gl/S  Transition 

Cells  must  be  capable  not  only  of  blocking  cell  cycle  progression  in  response 
to  DNA  damage,  but  they  must  also  be  able  to  regulate  responses  to  proliferative 
signals.  Oncogenic  processes  exert  their  greatest  effect  by  targeting  particular 
regulators  of  Gj  phase  progression  (Hunter  and  Pines,  1994;  reviewed  by  Hall  and 
Peters,  1996).  It  is  during  the  Gi  phase  that  cells  are  competent  to  respond  to 
extracellular  signals  by  either  advancing  towards  another  division  or  withdrawing 


from  the  cycle  into  the  resting  Go  state  (reviewed  by  Pardee,  1989;  Sherr,  1994).  The 

decision  to  divide  occurs  as  cells  pass  a  restriction  point  late  in  Gi  (Ri  in  Figure  1-3), 

after  which  they  no  longer  respond  to  extracellular  signals  and  instead  commit  to  the 

autonomous  program  that  carries  them  through  to  division,  unless  cell  cycle 

checkpoints  are  activated  (Pardee,  1989;  Sherr,  1994).  An  understanding  of  the 

* 

extracellular  signals,  downstream  effectors,  and  inhibitors  of  those  signals  is  crucial 
to  understanding  proliferative  control  and  neoplastic  progression. 

Among  the  more  important  and  well-characterized  downstream  effectors 
controlling  cell  cycle  progression  are  the  tumour  suppressor  proteins  p53  (Lane  and 
Crawford,  1979;  Linzer  and  Levine,  1979)  and  pRb  (Knudson,  1993).  The  p53 
protein  has  been  aptly  called  the  “guardian  of  the  genome”  (Lane,  1992)  because  of 
its  ability  to  protect  genomic  integrity  by  negatively  regulating  cell  proliferation.  In 
response  to  DNA  damage,  p53  may  transcriptionally  activate  as  many  as  100  genes 
(Tokino  et  al.,  1994),  including  several  key  proteins  such  as  p2icn>11/WAF1  (El-Deiry  et 
al.,  1993),  which  can  inhibit  cyclin-CDK  complexes  and  block  cell  cycle  progression 
(Xiong  et  al.,  1994),  and  GADD45  (Wang  and  Prives,  1995).  pRb  also  serves  as  a 
negative  regulator  of  cell  proliferation.  Hypophosphorylated  pRb  is  able  to  bind  and 
sequester  members  of  the  E2F  family  of  transcription  factors,  preventing 
transcriptional  activation  of  genes  important  for  DNA  replication  (Buchkovich  et  al., 
1993).  Cell  cycle-dependent  phosphorylation  of  pRb  initially  by  D-type  cyclin- 
CDK4/CDK6  complexes  (Kato  et  al.,  1993;  Meyerson  and  Harlow,  1994)  releases 
E2F  to  induce  transcription  of  genes  necessary  for  S  phase  to  occur. 

Although  tumour  suppressor  proteins  such  as  p53  and  pRb  are  essential 
negative  regulators  of  cell  growth,  other  proteins  have  been  identified  that  also 


control  cell  proliferation.  The  INK4  and  CIP/KIP  families  of  cyclin-dependent  kinase 
inhibitors  (CKIs)  have  all  been  shown  to  prevent  CDK  phosphorylation  of  target 
proteins,  such  as  pRb,  necessary  for  cell  cycle  progression  (reviewed  by  Sherr  and 
Roberts,  1995).  More  specifically,  it  appears  that  the  primary  targets  of  CKIs  are  the 
cyclin  D-CDK4/6  and  cyclin  E-CDK2  complexes  necessary  for  the  Gl/S  transition 
(reviewed  by  Lees,  1995).  Another  layer  of  regulation  exists  in  that  CKIs, 
themselves,  also  appear  to  be  regulated  by  transcriptional  control  and  proteolytic 
degradation  (Pagano  et  al.,  1995). 

Regulating  expression  of  the  enzymes  involved  in  DNA  synthesis  provides  yet 
another  way  of  controlling  cell  proliferation.  Increased  mRNA  and  protein 
expression  during  Gi  towards  S  phase  cell  cycle  progression  has  been  demonstrated 
for  DNA  polymerase  a  (Thommes  et  al.,  1986),  thymidine  kinase  (Schlosser  et  al., 
1981),  topoisomerase  I  (Tricoli  et  al.,  1985),  PCNA  (Almendral  et  al.,  1987; 
Matsumoto  et  al,  1987;  Morris  and  Mathews,  1989),  and  other  genes/gene  products 
involved  either  directly  or  indirectly  in  nuclear  DNA  synthesis.  In  addition  to 
regulated  expression,  replicative  enzymes  may  also  be  controlled  by  post-translational 
modification  or  sub-cellular  localization.  For  example,  Replication  factor  C  (RFC), 
which  facilitates  proliferating  cell  nuclear  antigen  (PCNA)  loading  at  primer-template 
junctions  during  DNA  replication,  has  recently  been  shown  to  be  phosphorylated  by 
calmodulin-dependent  kinase  II  (CaMKII).  Phosphorylation  inhibits  binding  to  the 
PCNA  sliding  clamp  and  prevents  processive  DNA  synthesis  (Maga  et  al.,  1997). 
Immunofluorescence  studies  have  shown  punctate  nuclear  staining  of  PCNA  protein 
during  S-phase  and  in  response  to  DNA  damage  (Bravo  and  MacDonald-Bravo,  1985; 
Celis  and  Madsen,  1986;  Li  et  al.,  1996).  This  staining  pattern  appears  to  be  the 


result  of  subcellular  localization  of  PCNA  protein  to  sites  of  DNA  replication  and 
repair.  Additionally,  the  cyclin/CDK  inhibitor  p21CIP1/WAF1  has  also  been  shown  to 
bind  and  inhibit  PCNA,  blocking  processive  DNA  replication  (Li  et  al.,  1994). 
Interestingly,  p2iCIP1/WAF1  binds  to  the  same  region  of  PCNA  as  the  flap 
endonuclease  FEN1  (Warbrick  et  al.,  1995,  1997;  Jonsson  et  al.,  1997),  a  protein 
shown  to  be  required  for  SV40  DNA  replication  (Waga  et  al.,  1994).  It  is  proposed 
that  FEN1  and  p21  may  compete  for  binding  of  PCNA,  providing  a  possible 
molecular  switch  from  DNA  replication  to  repair  following  damage-dependent 
induction  by  p53  (Warbrick  et  al.,  1997;  reviewed  by  Cox,  1998). 

1-5  Model  Systems  of  DNA  Replication 

Insight  into  the  mechanisms  and  regulation  of  eukaryotic  DNA  replication  has 
been  gained  through  in  vitro  studies  of  replication  with  simian  virus  40  (SV40) 
(Weinberg  et  al.,  1990;  Tsurimoto  and  Stillman,  1989;  Wobbe  et  al.,  1987),  Xenopus 
cell-free  systems  (Lohka  and  Masui,  1983;  Blow  and  Laskey,  1986;  reviewed  by 
Romanowski  and  Madine,  1996),  and  biochemical  and  genetic  studies  in  yeast 
(reviewed  by  Wuarin  and  Nurse,  1996).  Recently,  a  human  cell-free  system  was 
developed,  showing  a  requirement  for  cyclin  E  or  cyclin  A  and  CDK2  in  mammalian 
DNA  replication  (Krude  et  al.,  1997).  However,  this  system  has  experienced 
problems  with  reproducibility  and  it  will  not  be  further  discussed  here. 

The  Xenopus  system  (Blow  and  Laskey,  1986)  has  been  a  valuable  tool  in 
identifying  the  mechanical  and  structural  aspects  of  replication,  as  well  as  for  studies 
into  licensing  and  initiation  of  replication  (Blow  and  Laskey,  1988).  However,  the 
Xenopus  system  is  limited  in  that  the  activated  egg  extracts  used  exhibit  veiy  rapid 


cell  cycles  of  alternating  S  and  M  phases,  and  key  regulatory  steps  (eg.  Gj  and  G2 
checkpoints)  are  formally  absent.  Additionally,  although  studies  in  the  yeasts  S. 
pombe  and  S.  cerevisiae  have  also  helped  elucidate  the  mechanisms  of  DNA 
licensing,  initiation  of  replication,  and  replication  control,  due  to  the  scope  of  this 
investigation,  they  will  not  be  further  discussed  here. 

Similar  to  Xenopus  cell-free  systems,  the  SV40  system  is  also  limited  in 
studying  regulation  of  DNA  replication  in  that  the  viral  trans-acting  control  protein  (T 
antigen)  is  able  to  circumvent  normal  cellular  controls  of  replication  (Wold  et  al., 
1987).  However,  because  the  SY40  system  has  been  invaluable  in  studying  the  actual 
mechanics  of  nuclear  DNA  replication,  and  in  identifying  proteins  essential  to  the 
process,  I  will  address  the  mechanics  of  DNA  replication  in  the  SV40  system. 

1-5.1  SV40  DNA  Replication 

The  SV40  circular,  double-stranded  DNA  virus  has  a  single  origin  of 
replication.  The  only  viral  protein  required  for  replication  is  large  T  antigen  (Wold  et 
al.,  1987).  The  other  enzymes  necessary  for  DNA  replication  are  derived  from  the 
host  cell,  and  have  been  subsequently  purified  by  fractionation  of  human  cell  extracts 
into  individual  components  that  reconstitute  replication  of  plasmid  DNA  containing 
the  SV40  origin  of  replication  (Weinberg  et  al.,  1990;  Tsurimoto  and  Stillman,  1989; 
Wobbe  et  al,  1987).  Such  studies  have  demonstrated  a  requirement  for  10  different 
mammalian  proteins,  in  addition  to  the  viral  T  antigen,  to  reconstitute  replication  of 
form  I  DNA. 

The  viral  large  T  antigen  binds  as  a  double  hexamer  to  the  origin  of 
replication  in  a  sequence-specific,  ATP-dependent  manner  (Tsurimoto  and  Stillman, 


1989)  and  utilizes  a  3’  to  5’  helicase  activity  to  separate  the  strands,  creating 
replication  forks  moving  in  both  directions  away  from  the  origin.  The  single-stranded 
DNA-binding  protein,  replication  protein  A  (RP-A),  stimulates  and  stabilizes  origin 
unwinding  by  binding  newly  exposed  nucleotides  at  the  replication  fork,  thus 
preventing  re-annealing  of  separated  strands  (Wold  and  Kelly,  1987). 

Figure  1-5  Leading  stand  DNA  synthesis  (Waga  et  al.,  1994) 

At  the  leading  strand,  short  oligoribonucleotide  primers  of  approximately  6-14 
bases  are  generated  by  the  primase  enzyme  associated  with  DNA  polymerase  a 
(Tseng  and  Goulian,  1977).  The  180  kDa  catalytic  subunit  of  DNA  pol  a  then  adds  a 
stretch  of  deoxyribonucleotides  to  the  RNA  primer  (Tsurimoto  and  Stillman,  1990). 
Next,  replication  factor  C  (RF-C),  initiates  a  reaction  called  polymerase  switching 
(Waga  and  Stillman,  1994)  upon  binding  to  the  primer-template  junction  (Lee  et  al., 
1991).  In  this  reaction,  DNA  polymerase  a  dissociates  from  DNA  in  an  ATP- 
dependent  manner  and  RF-C  assembles  trimeric  proliferating  cell  nuclear  antigen 
(PCNA)  around  DNA  in  the  region  of  the  primer  terminus.  The  trimeric  structure  of 
eukaryotic  PCNA  may  serve  as  a  platform  to  load  DNA  polymerase  8  at  the  primer 
terminus,  and  then  serve  to  increase  the  processivity  of  DNA  pol  8  in  leading  strand 
synthesis  (Prelich  et  al.,  1987;  Bravo  et  al.,  1987;  Burgers  and  Yoder,  1993).  It  is 
possible  that  this  complex  of  PCNA,  RF-C,  and  DNA  pol  8  remain  complexed  during 
leading  strand  synthesis. 

On  the  lagging  strand,  the  RNA  priming  step  and  polymerase  switching  from 
DNA  pol  a  to  DNA  pol  8  in  the  SY40  model  are  virtually  the  same  as  in  leading 


strand  synthesis  (Tsurimoto  and  Stillman,  1990).  However,  it  is  still  unclear  whether 
DNA  pol  8  or  e  is  responsible  for  elongation  after  DNA  primer  synthesis.  Major 
differences  between  leading  and  lagging  strand  synthesis  are  subsequent  to  the 
priming  step  and  are  due  primarily  to  the  frequency  of  priming  reactions  required  for 
the  generation  of  Okazaki  fragments.  The  SV40  replication  system  has  revealed  that 
priming  on  the  lagging  strand  is  veiy  frequent,  with  initial  placement  of  primers 
approximately  50  nucleotides  apart  (Nethanel  et  al.,  1992).  It  appears  that  primase 
synthesizes  ribonucleotide  primers  of  approximately  10  nts  and  then  DNA  Pol  a 
extends  the  primer  by  10-20  additional  deoxyribonucleotides  before  polymerase 
switching  occurs  (Nethanel  et  al.,  1992).  After  the  polymerase  switching  occurs, 
another  10-20  deoxyribonucleotides  are  added  by  DNA  pol  S/s  prior  to  arriving  at  the 
next  downstream  initiator  RNA  primer. 

All  RNA  primers  must  be  removed  during  Okazaki  fragment  processing.  It 
appears  that  there  are  two  essential  nucleases  to  perform  this  task  in  higher 
eukaryotes  (Turchi  et  al.,  1994).  Figure  1-6  depicts  the  two  current  hypotheses  for 
Okazaki  fragment  processing.  One  proposes  that  RNAase  HI  endo-nucleolytically 
cleaves  the  initiator  primer  one  nucleotide  upstream  of  the  RNA-DNA  junction. 
Cleavage  characteristically  leaves  one  ribonucleotide  regardless  of  RNA  primer 
length  or  sequence,  which  is  then  removed  by  an  enzyme  known  as  FEN1  (see 
Section  1-6  below).  The  other  hypothesis  proposes  that  FEN1  may  act  independently 
of  RNAase  HI  (Turchi  et  al,  1994;  Waga  et  al.,  1994;  Bambara  et  al.,  1997).  Recent 
evidence  by  Murante  et  al.  (1998)  suggests  that  bovine  FEN1  may  also 
endonucleolytically  removes  additional  nucleotides  synthesized  by  DNA  polymerase 
a.  They  suggest  that  this  mechanism  may  compensate  for  lack  of  Pol  a  3’  to  5’ 


exonuclease  proofreading  capability  by  removing  any  mismatched  pairs  synthesized 
by  Pol  a. 

Figure  1-6  FEN1  participation  in  Okazaki  fragment  processing 

1-6  Discovery  of  FEN1 

Flap  endonuclease  and  5’  exonuclease  (FEN1)  was  originally  purified  as  a  5’ 
to  3’  exonuclease  in  rabbits  by  Lindahl  in  1969  and  called  mammalian  DNAase  IV 
(Lindahl  et  al.,  1969).  In  the  late  1980s  and  early  1990s,  a  similar  enzyme  activity 
was  subsequently  purified  and  characterized  from  different  organisms  in  several 
different  laboratories.  Ishimi  et  al.  (1988)  discovered  the  requirement  of  a  5’  to  3’ 
endonuclease  for  completion  of  SV40  DNA  synthesis  using  HeLa  cell  extracts.  Later, 
FENl’s  role  in  Okazaki  fragment  processing  was  revealed  in  DNA  replication  studies 
using  purified  proteins  in  vitro  (Goulian  et  al.,  1990;  Siegal  et  al.,  1992;  Turchi  and 
Bambara,  1993;  Waga  et  al.,  1994).  In  addition  to  being  referred  to  as  DNAase  IV, 
the  enzyme  was  also  called  5’  to  3’  exonuclease  in  the  bovine  and  human  systems 
(Turchi  and  Bambara,  1993;  Ishimi  et  al.,  1988),  respectively;  and  maturation  factor-1 
(MF1)  by  Waga  et  al.  (1994)  in  a  fully  defined  in  vitro  DNA  replication  system  using 
purified  proteins.  Human  FEN1  cDNA  was  initially  cloned  from  a  HeLa  cDNA 
library  during  a  screen  for  human  homologues  to  the  S.  pombe  Rad2  gene  (Murray  et 
al.,  1994).  Subsequently,  the  murine  FEN1  gene  was  cloned  and  the  endo- 
/exonucleolytic  and  biochemical  properties  of  the  encoded  protein  characterized 
(Harrington  and  Lieber,  1994a,  1995).  Today,  the  murine  and  human  genes  are 


generally  designated  as  Fen-1  and  FEN1,  respectively,  in  genome  maps  (Harrington 
andLieber,  1994b;  Hiraoka  etal.,  1995). 

1-7  Characterization  and  Functional  Studies  of  FEN1 

The  past  decade  has  seen  extensive  characterization  of  the  biochemical 
properties  of  FEN1  and  its  substrate  specificity.  To  date,  biochemical  and  enzymatic 
studies  have  been  carried  out  on  human  FEN1  and  its  homologues  in  bovine,  murine, 
rabbit,  Xenopus,  yeast,  and  prokaryotic  systems.  Complementation  studies,  and 
rescue  experiments  using  human  or  Xenopus  FEN1  cDNA,  have  also  been  performed 
in  the  yeasts  S.  pombe  and  S.  cerevisiae,  respectively,  demonstrating  FENl’s 
functional  conservation  throughout  evolution  (Murray  et  al.,  1994;  Kim  et  al.,  1998). 

Figure  1-7  shows  the  strict  substrate  specificity  of  mammalian  FEN1  protein. 
As  an  endonuclease,  FEN1  is  capable  of  cleaving  5’  (Figure  1-7A,C),  but  not  3’  flap 
structures  formed  on  either  linear  oligonucleotides  or  circular  Ml  3  DNA  templates 
with  short  complementary  DNA  sequences  (primers)  annealed  to  the  template  strand 
(Harrington  and  Lieber,  1994b;  Siegal  et  al.,  1992).  FEN1  can  also 
endonucleolytically  cleave  pseudo- Y  structures  (Figure  1-7B),  but  at  a  20  to  100-fold 
lower  efficiency  than  5’  flap  structures  containing  primers  annealed  upstream  (5’)  of 
the  flap  (Harrington  and  Lieber,  1994a).  5’  to  3’  exonuclease  activity  of  FEN1 
protein  has  also  been  observed  at  DNA  gaps,  nicks,  and  recessed  5’  ends  (Figures  1- 
7D,  E,  F,  respectively)  on  linear  synthetic  DNA  templates  in  vitro  (Lindahl,  1971; 
Murante  et  al.,  1994;  Harrington  and  Lieber,  1995).  However,  mammalian  FEN1 
protein  appears  to  be  unable  to  cleave  single-stranded  DNA  or  RNA,  double-stranded 
DNA,  mismatched  bubble  structures,  Holliday  junctions,  heterologous  loops,  D-loops, 


or  3’  and  5’  overhang  structures  by  either  exo-  or  endonucleolytic  enzyme  activity 
(Harrington  and  Lieber,  1994a;  Murante  et  al. ,  1994).  It  appears  that  FEN1  protein 
prefers  branched  DNA  structures  that  have  a  single-stranded  5’  flap  (Lieber,  1997). 

Figure  1-7  DNA  structures  cleaved  by  FEN1 

The  length  and  structure  of  complementary  upstream  primers  annealed  to 
DNA  templates  have  an  effect  on  FEN1  enzymatic  activity  in  vitro.  Primers  or 
complementary  DNA  sequences  annealed  immediately  upstream  (5’)  of  the  5’  flap 
structure  (see  Figure  1-7)  can  increase  endonuclease  activity  (Harrington  and  Lieber, 
1995),  but  increasing  gap  length  between  upstream  primers  and  5’  flap  structures 
results  in  decreasing  endonuclease  activity  (Murante  et  al.,  1994).  Greatest  enzyme 
activity  is  noted  when  primers  are  extended  immediately  adjacent  to  the  flap  structure 
(Murante  et  al.,  1994;  Harrington  and  Lieber,  1995).  It  is  possible  that  the  presence 
of  upstream  primers  may  prevent  any  transient  re-association  of  the  flap  with  the 
DNA  template,  which  would  be  inhibitory  to  FEN1  enzyme  activity. 

In  contrast  to  their  impact  on  endonucleolytic  activity,  the  effects  of  upstream 
primers  on  exonucleolytic  activity  of  FEN1  is  currently  unclear.  Experiments  with 
linear  DNA  templates  and  endogenous  purified  FEN1  protein  from  rabbit  (Lindahl, 
1971),  calf  (Murante  et  al,  1994),  and  mouse  (Harrington  and  Lieber,  1994a),  found 
that  the  enzyme  acts  at  a  nick  on  double-stranded  DNA  (dsDNA),  and  less  efficiently 
on  gaps  or  recessed  5’  ends  on  dsDNA  (see  Figure  1-7D-E).  This  suggested  that 
dsDNA  regions  5 ’  and  adjacent  to  the  point  of  exonuclease  activity  stimulated 
enzymatic  cleavage.  Additionally,  gel-shift  assays  by  Harrington  and  Lieber  (1994a) 


showed  that  at  gap  structures,  the  efficiency  of  FEN  1  binding  to  DNA  decreases  with 
increasing  gap  size,  up  to  approximately  5  nucleotides,  then  stabilizes  at  a  level  of 
binding  equivalent  to  that  observed  on  a  recessed  5’  end  on  dsDNA.  However, 
detailed  FEN1  enzyme  assays  with  various  linear  substrates  by  Huang  et  al.  (1996) 
showed  that  exonucleolytic  cleavage  of  either  ribo-  or  deoxyribonucleotides  may  be 
partially  inhibited  by  primers  annealed  upstream  of  the  cleavage  site.  Previous 
conclusions  that  exonuclease  activity  is  stimulated  by  upstream  primers  (Murante  et 
al.,  1994;  Harrington  and  Lieber,  1994a)  may  have  been  premature,  in  that  the  latter 
was  actually  measuring  substrate  binding.  Additionally,  although  the  substrates, 
enzymes,  and  assays  used  were  similar,  it  is  possible  that  conditions  in  earlier 
exonuclease  assays  were  more  conducive  to  FEN1  endonuclease,  not  exonuclease 
activity,  which  clearly  shows  increased  enzyme  activity  where  adjacent  upstream 
primers  are  present.  Finally,  there  may  be  subtle  differences  in  enzymatic  properties 
between  species,  but  this  is  unlikely  in  that  both  Murante  et  al.  (1994)  and  Huang  et 
al.  (1998)  used  FEN1  protein  purified  from  calf  thymus. 

In  addition  to  substrate  specificity,  FEN1  is  also  polarity-dependent,  in  that  the 
enzyme  must  slide  from  the  5’  end  of  the  substrate  to  perform  structure-specific 
cleavage  (Murante  et  al,  1994).  Although  FEN1  has  been  shown  to  be  structure- 
specific,  polarity-dependent,  and  strand-specific,  its  endonuclease  activity  is  not 
dependent  on  the  length  or  sequence  of  5’  flaps  (Harrington  and  Lieber,  1994a; 
Murante  et  al.,  1994).  However,  as  an  exonuclease,  recent  data  suggests  that  the  5’ 
nucleotide  of  the  downstream  primer  may  affect  exonucleolytic  cleavage  efficiency, 
with  A,  T,  and  U  nucleotides  being  more  susceptible  to  cleavage  than  G  or  C  (Huang 


et  al.,  1996).  It  is  possible  that  the  extra  hydrogen  bond  between  G  and  C  bases  may 
make  those  bases  less  susceptible  to  cleavage. 

On  linear  synthetic  templates,  purified  endogenous  murine  FEN1  protein 
exhibits  optimum  endonucleolytic  activity  pH  8  in  the  absence  of  monovalent  ions 
(Harrington  and  Lieber,  1994a);  although  slight  changes  in  pH  do  not  appear  to 
significantly  effect  enzyme  activity.  Divalent  metal  ions  such  as  Mg2+  or  Mn2+  are 
absolutely  required  for  nuclease  activity  since  enzyme  activity  is  abolished  in  the 
presence  of  5  mM  EDTA  (Harrington  and  Lieber,  1994a).  It  also  appears  that  the 
type  and  concentration  of  divalent  metal  ion  is  of  importance  for  two  reasons.  Firstly, 
endonuclease  assays  with  purified  murine  FEN1  by  Harrington  and  Lieber  (1994a) 
showed  that  Mn2+  and  Mg2+  ions  stimulate,  whereas  Zn2+  and  Ca2+  inhibited  enzyme 
activity  on  linear  templates.  Secondly,  the  ionic  concentration  appears  to  affect  the 
site  of  endonucleolytic  cleavage.  Increasing  Mg2+  ion  concentration  above  0. 1  mM 
results  in  increased  cleavage  one  nucleotide  5’  of  the  flap  junction,  whereas  at  0.1 
mM,  the  predominant  cleavage  site  is  3’  of  the  flap  elbow  (Harrington  and  Lieber, 
1994a).  Harrington  and  Lieber  (1994a)  speculate  that  divalent  metal  ionic 
concentrations  may  affect  DNA  base  pairing  at  the  junction,  but  ionic  concentration 
effects  on  protein  structure  cannot  be  ruled  out  since  the  active  site  of  prokaryotic 
homologues  of  FEN1  have  been  shown  by  X-ray  crystallography  to  co-ordinate  two 
Mg24  ions  (Shen  et  al.,  1997;  Hosfield  et  al.,  1998;  Hwang  et  al.,  1998). 

1-8  Mechanism  of  FEN1  Enzyme  Activity 

The  strict  substrate  specificity  observed  in  the  studies  discussed  in  Section  1-7 
above  suggests  a  possible  mechanism  of  FEN  1  enzyme  activity.  Primers  and  adjuncts 


annealed  to  the  ssDNA  flap,  upstream  of  the  point  of  cleavage,  may  affect  FENl’s 
endonucleolytic  cleavage  efficiency.  For  example,  regions  of  dsDNA  along  flap 
substrates  can  block  FEN1  cleavage  of  5’  flap  structures  (Harrington  and  Lieber, 
1994b;  Murante  et  al.,  1995).  Additionally,  when  bound  to  the  5’  flap  substrate, 
prokaryotic  single-stranded  binding  protein  (SSB),  a  functional  homologue  of 
eukaryotic  RP-A,  can  inhibit  cleavage  with  a  degree  of  inhibition  directly 
proportional  to  the  flap  length  (Murante  et  al.,  1995),  possibly  because  longer  flaps 
allow  greater  RPA  binding.  However,  yeast  FEN1  (S.  cerevisiae  RAD27) 
endonucleolytic  cleavage  of  flap  substrates  annealed  to  circular  Ml 3  templates  was 
significantly  stimulated  by  RP-A  (Biswas  et  al.,  1997).  It  is  possible  that  the  FEN1 
inhibition  by  RP-A  noted  previously  (Murante  et  al.,  1995)  was  due  to  melting  of  the 
short  duplex  regions  used  in  their  assay,  and  also  noted  on  similar  templates  tested  by 
Biswas  et  al.  (1997).  FEN1  endonuclease  activity  in  vitro  is  not  inhibited  by  the 
presence  of  biotin  covalently-linked  to  bases  anywhere  along  the  5’  flap  structure. 
However,  when  streptavidin  (60  kDa)  was  bound  to  these  biotinylated  substrates, 
cleavage  was  inhibited  (Murante  et  al.,  1995).  The  conclusion  from  these  data  is  that 
FEN1  binds  to  the  free  5’  end  of  the  flap  substrate  and  slides  along  the  flap  to  the 
point  of  cleavage.  This  would  place  the  single  strand  (ssDNA)  to  double  strand 
(dsDNA)  DNA  transition  point  within  the  active  site  of  the  enzyme.  Cis- 
diamminedichloroplatinum  (II)  (CDDP),  a  DNA-binding  and  crosslinking  agent  used 
in  tumour  therapy,  also  failed  to  inhibit  FEN1  nuclease  activity,  unless  it  bound  in  the 
vicinity  of  the  cleavage  point,  where  it  distorts  the  interaction  of  the  FEN1  active  site 
with  its  substrate  (Barnes  et  al.,  1996).  These  results  indicate  that  although  adducts  in 
the  single-stranded  flap  DNA,  larger  than  a  base  can  be  passed  by  FEN1,  when  the 


adduct  is  large  or  dsDNA,  the  translocation  of  FEN1  down  the  flap  is  severely 
inhibited.  Further  in  vitro  experiments  with  synthetic  templates  have  shown  that  the 
enzyme  can  be  ‘trapped’  on  the  flap  substrate  by  annealing  complementary 
oligonucleotides  to  the  flap  DNA  after  incubation  of  FEN1  with  labeled  substrates 
(Murante  et  al.,  1995).  This  result  indicates  that  movement  of  FEN1  on  flap 
substrates  is  bi-directional,  with  nuclease  molecules  able  to  slide  on  and  off  the  5’  end 
of  the  flap  structure  (Murante  et  al.,  1995).  Finally,  DNase  I  footprinting  has  revealed 
a  25-nucleotide  region  on  the  5’  flap  DNA,  adjacent  to  the  point  of  annealing  that  is 
protected  by  FEN1  just  prior  to  cleavage  (Barnes  et  al.,  1996). 

Figure  1-8  FEN1  and  PCNA  model  for  template  loading 

Accumulated  evidence  (see  above)  has  led  to  the  development  of  a  model  for 
FEN1  endonuclease  activity  (Figure  1-9).  This  model  suggests  that  FEN1  binds  and 
enters  at  the  5’  termini  of  single-stranded  flap  structures.  Movement  of  FEN1  on  the 
DNA  flap  is  bi-directional,  and  cleavage  occurs  when  the  enzyme  slides  down  to  the 
point  at  which  the  flap  is  annealed  to  a  template  DNA  (eg.  the  ssDNA  to  dsDNA 
transition  point)  (Murante  et  al.,  1995).  This  endonucleolytic  activity  is  compatible 
with  the  proposed  model  of  exonuclease  activity  (Murante  et  al,  1994;  Harrington 
and  Lieber,  1994a)  in  that  a  5’  terminal  phosphate  group  at  a  nick  may  result  in  FEN1 
nuclease  activity  due  to  the  electrostatic  repulsion  of  the  negatively-charged  group, 
resulting  in  “breathing”  of  the  substrate  and  creating  a  pseudo-flap  structure  that  can 
be  cleaved  more  efficiently  by  FEN1  (Lieber,  1997). 


1-9  FEN1  Structure  and  Functional  Domains 


The  human  FEN1  gene  encodes  a  protein  of  380  amino  acids  with  an  apparent 
molecular  mass  of  46  (+/-  4)  kDa  as  measured  by  SDS-PAGE  (Murray  et  al.,  1994; 
Hiraoka  et  al. ,  1995).  Homologous  proteins  include  the  5’  to  3’  exonuclease  domain 
of  E.  coli  DNA  Pol  I  (24%  overall  amino  acid  identity  with  52%  identity  in  specific 
domains;  Robins  et  al.,  1994),  archaebacterial  FEN1  (up  to  75%  similarity  in  catalytic 
domains;  Hwang  et  al.,  1998;  Hosfield  et  al.,  1998;  Shen  et  al.,  1998),  Xenopus  FEN1 
(80%  identity;  Bibikova  et  al.,  1998;  Kim  et  al.,  1998;  Li  et  al.,  manuscript  in 
preparation),  Rad2  in  S.  pombe  (55%  identity),  RAD27/RTH-1  in  S.  cerevisiae  (60% 
identity),  and  Fenl  in  mouse  (96%  identity)  (Murray  et  al.,  1994;  Hiraoka  et  al., 
1995).  The  amino  acid  sequence  of  human  FEN1,  deduced  from  its  cDNA  sequence, 
exhibits  blocks  of  homology  with  these  homologues  and  with  the  vertebrate 
Xeroderma  Pigmentosum  complementation  group  G  (XPG)  protein  (Harrington  and 
Lieber,  1994b),  designated  N,  I,  and  C  regions.  Prokaiyotic  DNA  polymerases  with 
5’  to  3’  exonuclease  activity  also  share  homology  blocks  N  and  I,  but  not  C  (Robins  et 
al,  1994;  Shen  et  al.,  1998;  Hosfield  et  al.,  1998).  Figure  1-9  shows  a  schematic 
comparison  of  conserved  regions  among  6  eukaryotic  FEN1/XPG  family  members,  4 
exo/endonuclease  domains  of  prokaryotic  DNA  polymerases/nucleases,  and  3 
bacteriophage  exonucleases  (Robins  et  al.,  1994;  Shen  et  al.,  1998). 

Figure  1-9  FEN1  homologous  proteins 

Comparing  the  deduced  human  FEN1  amino  acid  sequence  with  other  FEN1 
homologues  from  Figure  1-10  reveals  greater  than  ,70%  sequence  similarity  for 


archaebacterial,  and  up  to  92%  sequence  similarity  for  murine  FEN1  in  the  two 
conserved  N  and  I  nuclease  domains  (Hosfield  et  al.,  1998).  X-ray  crystal  structures 
of  two  different  archaebacterial  FEN1  proteins  identified  two  clusters  of  acidic 
residues  in  the  N  and  I  domains  that  are  absolutely  conserved  in  all  the  known  FEN1 
enzymes  (Hosfield  et  al.,  1998;  Hwang  et  al.,  1998).  Metal-soaking  experiments 
revealed  that  both  clusters  form  metal-binding  (Mg2+/Mn2+)  sites  essential  to  enzyme 
activity  (Shen  et  al.,  1997;  Hosfield  et  al.,  1998;  Hwang  et  al.,  1998).  Additional 
studies  with  recombinant  human  FEN1  protein  containing  mutations  in  those  same 
conserved  regions  shows  that  enzyme  activity  on  model  flap  substrates  is  also 
abolished  (Shen  etal.,  1996;  Shen  etal.,  1997). 

Crystal  structures  of  FEN1  homologues  T4  RNAase  H  and  T5  exonuclease 
D15  have  revealed  an  arch  structure,  below  which  is  a  hole  through  the  enzyme 
(Mueser  et  al.,  1996;  Ceska  et  al.,  1996).  The  arch  is  highly  positively  charged  on  the 
side  closest  to  the  catalytic  region,  which  consists  of  a  cluster  of  aspartic  acid  residues 
(conserved  in  human  FEN1)  that  complex  two  magnesium  ions  important  to  enzyme 
activity  (Mueser  et  al.,  1996).  Additionally,  the  recently  published  crystal  structure  of 
the  archaebacteria  Pyrococcus  furiosus  FEN1  (Figure  1-10)  exhibits  the  same  arch 
structure,  and  they  go  on  to  suggest  that  DNA  binding  is  accomplished  by  non¬ 
specific  interactions  between  the  DNA  phosphodiester  backbone  and  the  active  site 
(Hosfield  et  al.,  1998).  In  further  studies  using  small  angle-ray  scattering,  a 
magnesium-induced  conformational  change  of  wild-type  human  FEN1  has  been 
discovered  (Shen  et  al.,  1996).  This  implies  that  structural  changes  to  the  catalytic 
site  caused  by  magnesium  influxes  may  account  for  the  ability  of  Mg  2+  to  stimulate 
FEN1  cleavage. 


Figure  1-10  Pf  FEN1  Crystal  structure  (Hosfield  et  al.,  1998) 


1-10  FEN1  is  Implicated  in  DNA  Repair 

Based  on  biochemical  and  genetic  evidence,  human  FEN1  homologues  in 
yeast  (Rad2  in  S.  pombe,  RAD27  in  S.  cerevisiae )  have  been  implicated  in  DNA 
repair  and  recombination,  suggesting  that  mammalian  FEN1  might  share  this  activity. 
In  the  budding  yeast  S.  cerevisiae,  yFENl  mutants  (RAD27A  or  RTH-1A)  show 
instability  of  simple  repetitive  DNA  sequences  (Reagan  et  al.,  1995,  Johnson  et  al., 
1995,  Sommers  et  al.,  1995),  with  a  280-fold  increase  in  repeat  instability  and  a  30- 
fold  increase  in  the  spontaneous  mutation  rate  compared  to  wild-type  RAD27+ 
(Johnson  et  al.,  1995).  Additional  epistasis  analysis  with  yeast  mismatch  repair 
(MMR)  mutants  is  consistent  with  a  role  of  S.  cerevisiae  yFENl  (RAD27/RTH-1)  in 
the  MSH2-MLH1-PMS1  MMR  pathway  (Johnson  et  al.,  1995),  which  is  highly 
conserved  from  bacteria  to  humans  (Umar  et  al.,  1996).  However,  further  evidence 
suggests  that  the  majority  of  genetic  alterations  in  yFENl  (RAD27A)  mutants  are  the 
result  of  a  novel  process,  distinct  from  MMR,  involving  increased  chromosomal 
double-strand  breaks  during  faulty  Okazaki  fragment  processing  (Tishkoff  et  al., 
1997).  During  lagging  strand  synthesis,  DNA  synthesis  extending  the  3’  end  of  an 
Okazaki  fragment  runs  into  the  next  Okazaki  fragment  and  displaces  it.  It  is  thought 
that  if  the  resulting  flap  is  not  endonucleolytically  removed  by  RNAse  H  and  FEN1, 
extensive  strand  displacement  caused  by  the  on-coming  polymerase  makes  the 
resulting  single-stranded  template  highly  susceptible  to  breakage  (Tishkoff  et  al.. 


1997).  Inefficient  or  saturated  double-strand  break  repair  mechanisms  may  lead  to 
the  mutator  phenotype  observed  in  yFENl  mutants.  This  result  further  suggests  that 
FEN1  may  have  a  role  in  DNA  end-joining  events  seen  in  V(D)J  recombination  in 
immunoglobulin  genes,  and  double-strand  break  repair  during  cellular  responses  to 
ionizing  radiation  (Lieber,  1997).  Interestingly,  Wu  et  al.  (1999)  recently 
demonstrated  that  targeted  deletion  of  yFENl  (S.  cerevisiae  RAD27)  resulted  in  a 
significant  (over  4-fold)  reduction  in  nonhomologous  DNA  end  joining  events  when 
5’  flaps  are  the  expected  intermediate  DNA  structures. 

Rad2A  and  RAD27A  (yFENl)  mutants  also  show  sensitivity  to  both  UV 
irradiation  and  alkylating  agents  (Murray  et  al.,  1994;  Reagan  et  al.,  1995;  Sommers 
et  al.,  1995),  but  it  is  thought  that  this  sensitivity  is  caused  by  inactivation  of  an 
alternate  base  excision  pathway,  involving  FEN1,  that  removes  modified  AP  sites  and 
bulky  UV  lesions  (Klungland  and  Lindahl,  1997;  Kim  et  al.,  1998),  rather  than  an 
activity  in  NER.  Although  a  role  for  RAD27/RTH-1  in  NER  has  not  been  detected 
to  date,  genetic  studies  in  yeast  RAD27/RTH-1  deletion  mutants  have  shown  that 
RAD27/RTH-1  is  important  for  the  repair  of  alkylation  damage  via  BER  and 
recombinational  repair  (Li  et  al.,  1995). 

Further  evidence  supporting  a  potential  role  for  human  FEN1  in  DNA  repair 
comes  from  studies  using  purified  human  proteins  in  vitro.  In  vitro  repair  assays  on 
synthetic  templates  by  Klungland  and  Lindahl  (1997)  showed  that  FEN1  protein  was 
absolutely  required  for  long-patch  BER  of  modified  AP  sites  not  susceptible  to  the 
predominant  short-patch  BER  pathway.  Additional  studies  using  purified 
recombinant  protein  and  synthetic  linear  templates  in  a  reconstituted  Xenopus  system. 


showed  that  Xenopus  FEN1  was  also  required  for  long-patch  BER  (Kim  et  al.,  1998). 
These  studies  suggest  a  role  for  mammalian  FEN1  during  BER  in  vivo. 

1-11  FENl-Associated  Proteins 

Because  of  FENl’s  role  in  DNA  replication  (see  Section  1-5),  it  would  seem 
logical  that  there  would  be  some  interactions  and  associations  of  FEN  1  with  other 
proteins  of  the  DNA  replication  complex.  PCNA,  the  homotrimeric  sliding  clamp 
that  is  a  processivity  factor  for  DNA  polymerases  5/e  (Prelich  et  al.,  1987;  Bravo  et 
al.,  1987),  has  been  shown  to  be  associated  with  FEN1.  This  association  was  initially 
demonstrated  in  a  yeast  two-hybrid  screen  (Li  et  al.,  1995,  Chen  et  al.,  1996; 
Warbrick  et  al.,  1997).  Further  biochemical  and  enzymatic  studies  using  co- 
immunoprecipitation  with  purified  proteins  and  synthetic  peptides  reaffirmed  the 
association  between  PCNA  and  FEN1  in  yeast  (Li  et  al.,  1995)  and  humans  (Chen  et 
al.,  1996;  Warbrick  etal.,  1997;  Jonsson  et  al.,  1998).  Furthermore,  it  was  shown  that 
PCNA  stimulated  the  endonuclease  activity  of  FEN1  (RTH-1)  on  model  flap 
structures  10-  to  50-fold  (Li  et  al.,  1995;  Wu  et  al.,  1996)  in  both  human  and  yeast  in 
vitro  systems.  A  FEN1-PCNA  interaction  is  further  supported  by  a  PCNA-binding 
domain  that  has  been  mapped  on  FEN1  (Warbrick  et  al.,  1997).  Recently, 
homologous  regions  of  FEN1  and  the  cyclin/CDK  inhibitor,  p21,  have  been  found  to 
compete  for  binding  to  the  same  site  on  PCNA  (Chen  et  al.,  1996,  Warbrick  et  al., 
1997).  It  is  speculated  that  this  could  provide  a  mechanism  for  coordination  between 
DNA  replication  and  repair  (Warbrick  et  al.,  1997;  Cox,  1998). 

Although  DNA  synthesis  from  upstream  primers  by  bovine  DNA  Pol  e  was 
found  to  stimulate  removal  of  downstream  primers  by  bovine  FEN1  protein  in  vitro 


(Siegal  et  al.,  1992),  no  protein-protein  interaction  has  been  observed.  Similarly, 
although  yFENl  ( S .  cerevisiae  RAD27)  co-purifies  with  DNA  Pol  a  (Zhu  et  al., 
1997),  no  other  evidence  for  a  direct  protein-protein  interaction  has  been  reported. 

Lastly,  a  yeast  replicative  helicase,  Dna2  Helicase,  was  found  to  interact 
genetically  and  biochemically  with  yeast  FEN1,  as  determined  by  rescue  experiments 
and  in  vitro  binding  assays  with  recombinant  proteins  (Budd  and  Campbell,  1997). 
This  finding  may  link  a  known  DNA  helicase  to  Okazaki  fragment  processing  and 
DNA  repair.  This  may  be  important  because  it  may  identify  how  helicases  recruit 
replication  proteins  to  the  sites  of  DNA  synthesis  and  repair. 

1-12  The  Aims  of  this  Thesis 

Although  considerable  evidence  strongly  supports  a  role  for  human  FEN1 
protein  in  DNA  replication  and  DNA  repair,  it  is  largely  based  on  in  vitro  studies. 
The  next  logical  step  in  establishing  a  role  for  human  FEN1  in  DNA  replication  and 
repair  is  to  examine  FEN1  ex  vivo. 

In  this  thesis  I  purify  human  FEN1  protein  and  raise  antibodies  suitable  for  use 
in  subsequent  stages  of  this  project  (Chapter  3).  I  also  determine  the  subcellular 
distribution  of  recombinant  human  FEN1  protein  in  cultured  cells  (Chapter  3).  In 
subsequent  chapters,  I  examine  human  FEN1  mRNA  and  protein  levels  during  the 
cell  cycle  (Chapter  4)  and  in  response  to  DNA  damage  (Chapter  5)  in  human  cell 
cultures,  to  determine  if  human  FEN1  mRNA  or  protein  levels  change  as  cells 
progress  through  the  cell  cycle  or  as  part  of  a  cellular  response  to  DNA  damage.  In 
addition,  human  FEN1  protein  solubility  patterns  are  also  examined  to  determine  if 
FEN1  protein  solubility  changes  in  either  a  cell  cycle-dependent  or  DNA  damage- 


dependent  manner  (Chapters  4  and  5).  I  also  identity  putative  regulatory  elements  in 
the  human  FEN1  gene  promoter  that  may  control  its  expression  during  the  cell  cycle 
or  in  response  to  DNA  damage  (Chapter  6). 

These  aims  are  intended  to  investigate  the  properties  of  human  FEN1 
in  cultured  cells,  and  determine  if  FENl’s  putative  role  in  DNA  replication  and  repair 
in  vitro  is  supported  by  observations  ex  vivo. 


Figure  1-1.  The  eukaryotic  cell  cycle.  During  Gj,  cells  grow  whilst  performing 
essential  metabolic  processes.  They  are  also  responsive  to  growth  stimuli  that  signal 
them  to  replicate  their  DNA  (S  phase)  in  preparation  for  mitosis  (M)  and  cell  division. 
Additionally,  some  quiescent  (G0)  cells  are  also  capable  of  responding  to  mitogenic 
stimuli  and  re-enter  the  cell  cycle  during  Gj.  During  G2,  cells  may  correct  replication 
errors  that  remain  after  S  phase,  thus  preventing  fixation  of  mutations  in  daughter 
cells.  The  cell  cycle  depicted  above  is  only  a  representative  sample,  as  the  duration  of 
each  phase  may  vary  relative  to  the  other  phases.  The  Gj  phase  is  generally  the  most 
variable  in  terms  of  duration,  while  M  phase  typically  varies  the  least  (adapted  from 
Alberts  et  al.,  1994). 


Figure  1-2.  FACS  analysis  profile  of  a  typical 
asynchronous  cell  population.  The  DNA  content  of  cells 
within  an  asynchronous  cell  population  was  determined 
during  FACS  analysis  by  measuring  the  fluorescence 
intensity  of  individual  cells  stained  with  a  DNA  stain  such 
as  propidium  iodide.  The  approximate  cell  cycle  stages  can 
then  be  determined  as  a  function  of  fluorescence  intensity 
(DNA  content)  and  are  depicted  above.  The  X-axis  (FL2-H) 
depicts  the  fluorescence  intensity  (arbitrary  units)  and  the 
Y-axis  (counts)  indicates  the  cell  number. 


Figure  1-3.  Major  cyclin-CDK  complexes  responsible  for  transitions 
during  the  mammalian  cell  cycle.  Cyclins  accumulating  during  various 
points  of  the  cell  cycle  bind  and  activate  different  cyclin-dependent  kinases 
(CDKs)  that  drive  cell  cycle  progression.  Cyclin  activity  is  partly 
controlled  by  periodic  synthesis  and  proteolytic  degradation  at  specific 
times  during  the  cell  cycle.  refers  to  the  restriction  point,  after  which 
mitogenic  signals  are  no  longer  required  for  cell  cycle  progression 
(adapted  from  Hutchison  and  Glover,  1995). 


Figure  1-4.  Checkpoint  activation  can  block  cell  cycle  progression.  During 
mammalian  cell  cycle  progression  from  G,  to  mitosis,  numerous  checkpoint 
mechanisms  have  been  identified  that  can  block  progression  (shown  in  red).  While 
mitogenic  signals  can  stimulate  the  Gj  to  S  phase  transition,  DNA  damage,  contact 
inhibition,  and  lack  of  growth  factors  can  block  that  cell  cycle  progression. 
Additionally,  DNA  damage  and  incomplete  replication  can  activate  the  DNA 
replication  checkpoint,  preventing  cells  from  entering  mitosis  with  damaged  or 
incompletely  replicated  DNA.  Further  checkpoints  in  mitosis  have  been  identified 
that  can  block  the  metaphase  to  anaphase  transition  (spindle  assembly  checkpoint)  if 
chromosomes  are  misaligned  or  not  attached  to  the  mitotic  spindle  (adapted  from 
Elledge,  1996). 
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Figure  1-5.  Model  for  the  multi-protein  complex  acting  at  the  eukaryotic  DNA 
replication  fork.  As  a  DNA  helicase  unwinds  the  DNA  duplex,  RPA  binds  exposed 
bases  to  prevent  re-annealing.  Processive  DNA  synthesis  on  the  leading  strand  is 


accomplished  by  DNA  Pol  8,  with  PCNA  and  RFC.  On  the  lagging  strand,  DNA 
synthesis  is  discontinuous,  with  numerous  RNA  primers  synthesized  by  the  primase 
enzyme  associated  with  DNA  Pol  a.  The  catalytic  subunit  of  DNA  Pol  a  then  adds  a 
stretch  of  deoxyribonucleotides  to  the  RNA  primers  before  polymerase  switching 
occurs.  RFC  loads  PCNA  at  primer  termini,  and  directs  either  DNA  Pol  8  or  Pol  e  to 
continue  DNA  synthesis  on  the  lagging  strand.  As  the  polymerase  complex 
approaches  the  downstream  primer,  RNase  HI  cleaves  the  RNA  primer,  leaving  one 
ribonucleotide  at  the  RNA-DNA  junction.  That  remaining  ribonucleotide  is  removed 
by  FEN1  before  the  in-coming  polymerase  complex  finishes  synthesis.  DNA  ligase 
seals  the  nick  to  ligate  the  processed  Okazaki  fragments  (adapted  from  Waga  and 
Stillman,  1994). 
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Figure  1-6.  Two  potential  pathways  for  FEN1  function  in  removal  of  RNA 
primers  during  Okazaki  fragment  processing.  Red  squares  represent  the 
ribonucleotides  of  the  RNA  primer  for  each  Okazaki  fragment.  The  large  blue  arrow 
indicates  recent  extension  of  the  upstream  primer  by  the  DNA  polymerase  complex 
(either  DNA  Pol  5  or  s).  In  (A)  RNase  HI  endonucleolytically  cleaves  the  RNA 
primer,  leaving  1  ribonucleotide.  FEN1  subsequently  either  endo-  or 
exonucleolytically  removes  the  remaining  ribonucleotide  (cleavage  site  is  indicated  by 
turquoise  arrow).  (B)  Following  5’  flap  formation  due  to  displacement  by  the  in¬ 
coming  replication  complex,  the  RNA  primer  is  removed  in  its  entirety  by  the 
endonuclease  activity  of  FEN1. 


Figures  1-7.  DNA  intermediate  structures  thought  to  be  cleaved  by  FEN1. 

(A-F)  Branched  intermediate  structures  in  DNA  metabolism  that  are  excised  by  FEN1 
nuclease  activity.  Size  of  the  arrow  indicates  efficiency  of  nuclease  activity.  (G)  Describes 
the  various  structures  of  DNA  templates  discussed  in  the  text.  Arrowheads  represent  3’ 
ends  of  DNA  (adapted  from  Lieber,  1997). 


35 


PCNA 


Figure  1-8.  Model  for  FEN1  and  PCNA  loading  onto  flap  substrates.  FEN1 
tracks  along  the  single-stranded  5’  flap  of  a  branched  DNA  structure.  Without 
this  5’  single-stranded  entry  point,  FEN1  is  unable  to  localize  to  the  DNA 
branch  point.  Double-stranded  regions  or  large  molecular  interruptions  of  the 
single-stranded  character  at  any  point  along  the  flap  prevents  FEN1  from 
reaching  the  branch  point  and  cleavage  is  prevented  (Murante  et  al.,  1995). 
PCNA  loads  onto  ds-DNA  termini  by  diffusion,  or  onto  long  linear  DNAs  and 
circular  DNA  by  the  action  of  RFC,  which  requires  ATP  hydrolysis.  FEN1  and 
PCNA  proteins  have  been  shown  to  interact  in  vitro  (Li  et  al.,  1995;  Chen  et  al., 
1996;  Warbrick  et  al.,  1997).  It  is  proposed  that  PCNA  may  stimulate  FEN1 
nuclease  activity  by  increasing  the  residence  time  at  the  branch  point,  or  it  may 
stabilize  FEN1  activity  at  physiological  salt  concentrations.  Arrowheads 
represent  3’  ends  of  DNA. 


Figure  1-9.  FEN1  homologues  containing  homologous  N  and  I  domains.  TheN 
(blue)  and  I  (gray)  domains  appear  to  be  important  for  DNA  binding  and  FEN1 
enzymatic  activity.  The  N  domain  is  typically  the  first  100  amino  acids  and  is 
typically  separated  from  the  I  domain  by  approximately  18  residues.  XPG  is  the 
exception,  in  that  the  separation  is  over  640  amino  acids.  The  C  domain  (black) 
consists  of  highly  basic  residues  thought  to  be  important  for  nuclear  localization, 
and  are  not  present  in  bacteriophage  exonucleases  or  prokaryotic  enzymes.  The 
total  number  of  amino  acids  of  each  protein  is  indicated  on  the  right.  The  symbol  // 
in  E.  coli  Pol  I  and  human  XPG  indicates  that  they  are  not  to  scale  as  amino  acids  in 
those  domains  are  omitted  in  this  diagram.  The  references  for  each  are  indicated  in 
the  text. 
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Figure  1-10.  Structure  of  archaebacterial  P.  furiosus  FEN1.  N- 

terminal  histidine-tagged  recombinant  P.  furiosus  FEN1  protein  was 
purified,  ciystallised,  and  the  structure  determined  (Hosfield  et  al.,  1998). 
Key  structural  features  include  a  C-terminal  PCNA-binding  domain,  a 
helical  clamp,  a  H3TH  duplex  DNA  binding  domain,  and  an  active  site  in 
complex  with  2  metal  (Mg2+/Mn2+)  ions  (shown  as  yellow  spheres  in 
centre  of  figure)  that  are  all  highly  conserved  in  human  FEN1  and  its 
homologues.  It  is  thought  that  FEN1  protein  binds  to  the  front  face  of 
PCNA  by  its  C-terminal  binding  domain,  and  as  flap  structures  are 
generated  by  displacement  during  lagging  strand  DNA  synthesis,  single- 
stranded  flaps  thread  through  the  helical  clamp.  As  FEN1  slides  down  the 
flap,  the  H3TH  domain  comes  into  contact  with  double-stranded  DNA  at 
the  flap  junction.  H3TH-dsDNA  binding  induces  a  conformational 
change  in  the  helical  clamp  as  it  closes  around  the  flap  and  brings  the 
ssDNA  flap  into  the  catalytic  site,  where  it  is  cleaved  (from  Hosfield  et 
al.,  1998). 
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CHAPTER  TWO:  METHODS  AND  MATERIALS 


2-1  Materials 

All  biochemicals  and  reagents  described  were  obtained  from  Sigma  unless  otherwise 
stated. 

2-1.1  General  Culture  Media 

All  bacterial  media  solutions  were  autoclaved  at  15  psi  (1  bar)  for  20  minutes  at  12  PC. 
T.uria-Bertani  (LB)  Medium.  pH  7.0  (Sambrook  et  al.,  1989) 


Bacto-Tryptone  (DIFCO)  10  g  (w/v) 

Bacto-Yeast  extract  (DIFCO)  5  g  (w/v) 

NaCl  (BDH)  170  mM 

H20  to  1  litre 

LB-Agar.  pH  7.0  (Sambrook  et  al.,  1989) 

Bacto-Tryptone  10  g  (w/v) 

Bacto-Yeast  extract  5  g  (w/v) 

NaCl  170  mM 

H20  to  1  litre 

Tissue  Culture  Medium  (10%  FCS) 

Dulbecco’s  modified  Eagle’s  medium  500  ml 

Foetal  Calf  Serum  (FCS)  10%  (v/v) 

L-glutamine  2  mM 

penicillin  100  U/ml 

streptomycin  100  pg/ml 

Ifvpsin-EDTA 
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0.5  mg/ml (w/v) 


uypsin  in  Ca2+/Mg2+-free  tissue  culture  grade  PBS 

edta 

2  i  2  General  Buffers 

^11  buffers  were  autoclaved  at  15  psi  (1  bar)  for  20  minutes  at  121°' 
(*)  otherwise. 

TF.  buffer  (Sambrook  et  al.,  1989) 

Tris-HCl,  pH  8.0  (Boehringer  Mannheim) 

EDTA 

TAE  buffer  (Sambrook  et  al.,  1989) 

Tris  base 

glacial  acetic  acid  (BDH) 

EDTA 

*  SDS  Running  buffer  (Harlow  and  Lane,  1988) 
glycine  (BDH) 

Tris  base 

sodium  dodecyl  sulphate  (SDS) 

Western  Blotting  buffer  (Harlow  and  Lane,  1988) 

glycine 

Tris  base 

methanol  (BDH) 


0.5  mM 

',  unless  annotated 

10  mM 
1  mM 

40  mM 
0.058  N 
1  mM 

0.192  M 
25  mM 
2.88  mM 

0.192  M 
25  mM 
20%  (v/v) 
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*  oy  SDS  Gel  Loading  buffer  (Harlow  and  Lane,  1988) 


SDS 

glycerol  (BDH) 

Tris-HCl,  pH  6.8 
bromophenol  blue 
dithiothreotol  (DTT) 

*  6X  DNA  Gel  Loading  buffer  (Sambrook  et  al.,  1989) 
bromophenol  blue 
sucrose  (BDH) 

Phosphate-buffered  Saline  solution  (PBS) 


2%  (w/v) 
20%  (v/v) 

125  mM 
0.01%  (w/v) 
200  mM 

0.025%  (w/v) 
40%  (w/v) 


NaH2PO4.H20  (BDH)  7.4  mM 

Na2HP04  (BDH)  3.6  mM 

NaCl  0.142  M 

2-1.3  RNA  Materials  and  Solutions 

All  glassware  and  spatulas  were  autoclaved,  then  baked  at  180°C  for  5  hours  minimum 
and  kept  separate  from  all  other  laboratory  glassware.  Exclusive-use  RNA 
electrophoresis  tanks  were  washed  with  10%  SDS  and  rinsed  extensively  with  DEPC- 
treated  water  prior  to  use.  All  RNA  solutions  were  prepared  with  DEPC-treated  water. 
DEPC-treated  water 

diethylpyrocarbonate  0. 1  %  (v/v) 

The  solution  was  agitated  and  incubated  at  room  temperature  overnight  before 


autoclaving. 


ENA  gel  buffer 
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MOPS  0.2  M 

sodium  acetate.NaOH,  pH  7.0  (BDH)  50  mM 

EDTA  10  mM 

20xSSC 

NaCl  1.5  M 

sodium  citrate-NaOH,  pH  7.0  150  mM 

6X  RNA  gel  loading  buffer  (Sambrook  et  al.,  1989) 

glycerol  0.5%  (v/v) 

EDTA  1  mM 

bromophenol  blue  0.4%  (w/v) 

xylene  cyanol  0.4%  (w/v) 

Formamide 


Formamide  (BDH)  was  deionized  by  mixing  with  BioRad  AG501-X8  (D)  mixed  bed 
resin  for  1-2  hours  and  filtered  through  Whatman  No.  1  paper.  Treated  formamide  was 
aliquoted  and  stored  at  -20°C. 

2-1.4  Protein  Analysis  Reagents 


Stripping  buffer 

Tris-HCl,  pH  6.9  62.5  mM 

P-mercaptoethanol  100  mM 

SDS  2%  (w/v) 

NP40  lvsis  buffer 

NP40  l%(v/v) 

Tris-HCl,  pH  8.0  50  mM 
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NaCl 

EDTA 

rnomassie  Stain 
methanol 
acetic  acid 

Coomassie  Blue  R-250  (Sigma) 

H20 

Coomassie  Destain  solution 

methanol 

acetic  acid 

10%  SDS-PAGE  gel  (Harlow  and  Lane,  1988) 

Resolving  gel  (5  ml  final  volume): 

acrylamide-bis  (30:0.8)  ( Protogel,  National  Diagnostics) 

3M  Tris-HCl,  pH  8.8 

10%  SDS 

H20 

10%  APS 
TEMED  (USB) 

Stacking  gel  (2.5  ml  final  volume): 
acrylamide-bis  (30:0.8)  ( Protogel,  National  Diagnostics) 
1M  Tris-HCl,  pH  6.8 
10%  SDS 


150  mM 
5  mM 

50%  (v/v) 
10%  (v/v) 
1  g  (w/v) 
to  500  ml 

7.5%  (v/v) 
10%  (v/v) 

1.67  ml 
0.625  ml 
50  |il 
2.63  ml 
25  pi 

2.5  pi 

312.5  pi 
312.5  pi 
25  pi 
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temed 


2.5  |il 

2-2  Methods 

2-2.1  Plasmid  Construction 

Bacterial  plasmids  were  constructed  to  contain  the  human  FEN1  open-reading  frame 
(ORF)  in-frame  with  the  translational  start  site  of  an  inducible  promoter,  and  in  some 
instances,  an  in-frame  protein  expression  epitope  (tag)  to  facilitate  subsequent 
purification. 

The  pDR2-FENl  cDNA  encoding  the  human  FEN1  protein  was  a  generous  gift  of  J 
Murray  (Univ.  Of  Sussex,  UK).  pET-FENl  plasmids  were  constructed  with  the  Nco 
I/Dra  I  fragment  of  shuttle  vector  pDR2-FEN  1  cDNA  (containing  human  FEN1)  ligated 
into  the  C-terminal  histidine-tagged  vector,  pET-2 Id  (Novagen).  The  pET-2 Id  vector 
was  digested  with  Nco  I/BamHl  and  subsequently  Klenow  (NEB)  filled-in  to  create  a 
compatible  blunt  end.  Briefly,  approximately  10  |ig  of  pET-2  Id  plasmid  DNA  was 
digested  with  10  units  (U)  of  Bam  HI  restriction  enzyme  (Boehringer  Mannheim)  in  40 
pi  reaction  volumes  at  37°C  for  3  hours.  Complete  Bam  HI  digestion  was  verified  by 
separating  1  jj.1  of  the  reaction  mixture  on  a  1%  agarose  gel  before  heating  to  75°C  for  10 
minutes  to  inactivate  the  restriction  enzyme.  The  remaining  Bam  HI -digested  pET-2  Id 
Plasmid  was  mixed  with  all  4  dNTPs  (all  at  2.5  mM,  Promega)  and  3  U  Klenow  enzyme 
(Boehringer  Mannheim)  in  a  50  pi  reaction  volume,  and  incubated  at  37°C  for  30  minutes 


to  create  a  blunt  end  by  Klenow  polymerization.  The  entire  reaction  mixture  was 
subsequently  separated  on  a  1%  agarose  gel  and  the  linearized  plasmid  band  was  excised 
and  isolated  by  Gene  Clean  (Amersham).  The  pET-2 Id  (Bam  HI -Klenow)  plasmids 
were  finally  digested  with  10  U  of  Ncol  (Boehringer  Mannheim)  in  40  pi  reaction 
volumes  overnight  at  37°C.  The  linearized  pET21d  plasmid  (Ncol-blunt  end)  was 
isolated  from  a  1%  agarose  gel  by  Gene  Clean.  Approximately  20  pg  of  pDR2-FENl 
plasmid  DNA  was  also  double  digested  with  14  U  of  Ncol  and  Dral  restriction  enzymes 
in  40  pi  reaction  volumes  overnight  at  37°C.  The  presence  of  an  approximately  1.2  kb 
human  FEN1  cDNA  band  was  verified  on  a  1%  agarose  gel  before  isolation  of  the  FEN1 
cDNA  (Ncol-Dral)  insert  by  Gene  Clean.  The  prepared  pET-2  Id  vector  and  human 
FEN1  cDNA  insert  were  ligated  together  in  20  pi  reaction  volumes  containing  1  U  T4 
ligase  (Boehringer  Mannheim)  and  a  3:1  molar  ratio  of  insert:vector  DNA  overnight  at 
16°C.  The  ligated  pET21d-FENl  plasmids  resulted  in  deletion  of  the  4  C-terminal  amino 

acids  from  full-length  FEN  1  in-frame  with  6  histidine  residues  at  the  C-terminus  of  the 
protein  (His6-FEN1). 

PT7.7-FEN1  plasmids  were  a  gift  of  Dr  J-L  Li  (University  of  Oxford)  and  were 
constructed  by  ligating  PCR-amplified  FEN1  with  engineered  EcoRI/Sall  sites  into 
Smal/Sall-digested  pT7.7  (EcoRI  and  Smal  provide  compatible  blunt  ends). 
Additionally,  the  FEN1  sequence  in  pET-2  Id  (pET21d-FENl)  and  the  PCR-amplified 
sequence  in  pT7.7  were  subsequently  verified  by  DNA  sequencing  of  purified  plasmid 
DNA  by  ABI  automatic  sequencing  (University  of  Oxford,  UK).  The  human  FEN1 
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cDNA  sequence,  as  well  as  the  pET-2 Id  and  pT7.7  plasmid  maps,  are  depicted  in  the 
Appendix. 

All  plasmid  constructs  were  subsequently  used  to  transform  DH5a  bacteria  for  DNA 
amplification  and  purification.  Briefly,  competent  E,  coli  DH5a  bacteria  were  prepared 
according  to  the  method  of  Hanahan  (1983),  as  described  in  Sambrook  et  al.  (1989). 
DH5a  were  transformed  by  adding  approximately  1  |ig  of  plasmid  DNA  to  100  |il 
(approx.  1  X  106  cells)  of  competent  bacteria,  gently  tap  mixing,  and  incubating  on  ice  for 
30  minutes.  The  DH5a-plasmid  DNA  suspensions  were  then  heat-shocked  at  42°C  for  1 
minute  and  0.5  ml  of  LB  at  37°C  was  added.  The  suspension  was  gently  tap  mixed  and 
incubated  at  37°C  for  1  hour  to  allow  antibiotic  gene  expression  from  incorporated 
plasmid  DNA.  Approximately  25-50  |il  of  this  preparation  was  plated  out  on  LB  agar 
petri  dishes  containing  100  jig/ml  ampicillin  to  select  for  plasmid-containing  bacteria  and 
incubated  overnight  at  37°C.  Individual  transformed  bacteria  colonies  were  selected  and 
grown  in  10  ml  volumes  of  LB  containing  100  Jig/ml  ampicillin  overnight  at  37°C. 
Plasmid  DNA  was  prepared  as  described  in  Sambrook  et  al.  (1989)  and  DNA  digests  of 
plasmid  DNA  were  performed  to  verify  that  proper  size  fragments  were  released 
following  restriction  digests. 

2-2.2  Transformation  and  Protein  Expression 

Purified  FEN1  plasmids  were  transformed  as  described  in  Section  2-2.1  into  competent  E. 
coli  BL21  (DE3)  for  protein  expression.  Transformants  were  selected  on  ampicillin  plates 
(100  |!g/ml),  then  individual  colonies  were  picked  and  grown  at  37°C  in  500  ml  of  Luria- 
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gertani  broth  (LB)  plus  0.5M  sorbitol  (Sigma)  and  2.5mM  betaine  (Blackwell  and 
Horgan,  1991)  and  recombinant  protein  expression  was  induced  once  bacteria  had  grown 
to  an  OD600  of  0.4  with  ImM  isopropylthio-(3-D-galactoside  (IPTG)  (Melford  Labs)  for  3 
hours  at  22°C.  It  was  observed  that  the  addition  of  betaine  and  sorbitol  increased 
recombinant  protein  solubility  upon  promoter  induction  by  EPTG. 

2-2.3  Protein  Purification 

To  isolate  His6-FEN1  protein,  transformed,  induced  bacterial  cells  were  collected  by 
centrifugation  in  a  Beckman  J2-HS  JLA  rotor  (3000g  for  10  min)  and  lysing  cells  by 
sonication  in  IX  PBS  with  10  mM  imidazole  plus  protease  inhibitors  (ImM 
phenylmethyl-sulfonyl  fluoride  (PMSF),  ImM  benzamidine,  1  pg/ml  pepstatin).  Lysates 
were  cleared  by  centrifugation  at  14,000  RPM  in  a  Beckman  GS-15R  with  S4180  rotor 
for  30  minutes  at  4°  C  and  the  supernatant  subsequently  collected  and  passed  through  a 
0.45  pm  filter  (Millipore)  to  remove  any  insoluble  material.  Following  column 
equilibration,  the  recombinant  protein  was  purified  by  immobilized  metal  affinity 
chromatography  (IMAC)  on  a  1  ml  Ni2+  His-Trap  column  (Pharmacia)  following 
manufacturer’s  instructions,  collecting  0.5  ml  fractions  at  a  flow  rate  of  0.5  ml/min.  The 
purest  eluted  fractions  containing  His6-FEN  1 ,  as  determined  by  Coomassie  staining  and 
immunoprobing  of  western  blots,  were  pooled  and  further  purified  on  a  Sephacryl  16/60 
gel  filtration  column  (Pharmacia)  at  a  flow  rate  of  0.5  ml/min  in  PBS  buffer.  Eluted 
fractions  were  run  on  10%  SDS  PAGE  and  briefly  Coomassie-stained.  The  Fenl  protein 
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band  was  excised  from  the  gel  and  FEN1  protein  was  eluted  in  a  Model  422  Electro- 

it- 

Eluter  (BioRad)  in  IX  SDS  running  buffer  according  to  manufacturer’s  instructions.  - 
Untagged  pT7.7-FENl  protein  was  partially  purified  by  isolation  of  inclusion  bodies. 
Briefly,  E.  coli  BL21  (DE3)  transformed  with  pT7.7-FENl  were  grown  and  protein 
expression  induced  as  described  above  (Section  2-2),  except  sorbitol  and  betaine  were 
omitted  from  the  growth  media.  Cells  were  collected  as  described  above  (Section  2-2.3) 
and  bacterial  pellets  were  resuspended  in  0.66  ml/g  cell  pellet  in  lysis  buffer  (50mM  Tris- 
HC1,  pH  8.0,  10%  (w/v)  sucrose)  with  50  mM  NaCl,  and  150  pg/ml  lysozyme 
(Sigma)(final  concentrations).  Resuspended  bacterial  cell  pellets  were  incubated  on  ice 
for  45  minutes,  warmed  to  37°  C  for  1  min,  and  sonicated  on  ice  to  shear  DNA.  The 
suspension  was  centrifuged  in  a  Beckman  GS-15R  with  S4180  rotor  at  10000  g  for  10 
minutes  at  4°  C  and  the  pellet  was  washed  in  wash  buffer  (50  mM  Tris.HCl,  pH  8.0,  2 
mM  EDTA,  100  mM  NaCl,  1  mM  PMSF,  0.5%  Triton  X-100)  and  centrifuged  again.  The 
resulting  pellet,  containing  inclusion  bodies,  was  then  solubilized  with  1  ml/100  ml 
culture  of  solubilization  buffer  (5M  guanidine  hydrochloride,  0.005%  (v/v)  Tween  80,  50 
mM  Tris.HCl,  pH  8.0)  and  gently  mixed  on  a  rotary  wheel  for  5  hours  at  4°  C.  Re¬ 
solubilized  FEN1  was  centrifuged  at  lOOOOg  for  10  minutes  to  remove  insoluble  debris, 
and  the  soluble  fraction  containing  FEN1  protein  was  recovered.  The  FEN1  protein- 
containing  solution  was  rapidly  diluted  to  1M  guanidine  hydrochloride  with  re-naturation 
buffer  (50mM  Tris.HCl,  pH  8.0,  0.005%  (v/v)  Tween  80,  5mM  reduced  glutathione, 
0.5mM  DTT,  0.5mM  oxidized  glutathione)  and  gently  mixed  for  16  hours  at  4°  C  to 
facilitate  protein  refolding.  The  protein  lysate  was  subsequently  dialyzed  at  4°  C  in  one 
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litre  dialysis  volumes,  gradually  reducing  NaCl  concentration  to  150mM  NaCl,  with 
0.005%  (v/v)  Tween  80  and  50mM  Tris,  pH  8.0. 


2-2.4  mRNA  Analysis 
2-2.4a  Probes 

Using  the  published  cDNA  sequences  for  the  human  FEN1  and  glyceraldehyde  3- 
phosphate  dehydrogenase  ( GAPDH)  genes,  primers  (see  below)  were  designed  and 
synthesized  (Genosys)  to  PCR  amplify  human  cDNA  probes  from  previously  purified 
plasmids  (pT7.7-FENl)  or  human  genomic  DNA.  Full-length  human  FEN1  cDNA 
probes  were  either  PCR-amplified  or  removed  from  purified  plasmid  (pT7.7-FENl)  using 
restriction  enzyme  digestion.  Full-length  products  (approx.  1180  bp)  from  the  reaction 
were  separated  on  a  1%  agarose  gel  and  isolated  by  Gene  Clean  (Amersham)  and 
resuspended  in  20  |il  TE  (25  mM  Tris.HCl,  pH  8.0,  10  mM  EDTA).  A  396  bp  control 
probe  (encoding  nucleotides  529-925  of  GAPDH  cDNA),  from  the  coding  region  of  the 
human  glyceraldehyde  3-phosphate  dehydrogenase  gene  (approximately  1.3  kb),  was  also 
PCR  amplified  from  human  genomic  DNA  using  the  primers  (GAPDH  1,  GAPDH2) 
depicted  below.  Human  p -actin  cDNA  probes  were  purchased  from  Ambion.  PCNA 
cDNA  probes  were  constructed  by  Ndel/BamHI  double  digests  of  purified  plasmid  DNA 
(PAS -PCNA). 

FEN  A:  5’  GAAGATCTCATATGGGAATTCAAGGCCTGGC  3’ 

FEN  B:  5’  CCCAAGCTTATTTTCCCCTTTTAAACTTCCC  3’ 

GAPDH  1:  5’  CACAGTCCATGCCATCACTG  3’ 
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GAPDH2:  5’  GACA AAGTGGTCGTT GAGGG  3’ 

2-2.4b  RNA  Extraction 

RNA  samples  were  prepared  by  trypsin  harvesting  of  human  cell  populations  by  a  3 
minute  incubation  at  37°C  with  1  ml  of  trypsin-EDTA  (see  Section  2-1.1  for 
concentrations)  solution  per  10  cm  culture  dish.  After  the  3  minute  incubation,  5  ml  of 
complete  media  was  added  to  quench  the  trypsin  before  cell  suspensions  were  recovered 
by  centrifugation  in  a  Beckman  GS-15R  with  S4180  rotor  (400g  for  5  minutes  at  21°C), 
followed  by  washing  cells  in  IX  PBS.  Cells  were  lysed  by  adding  1.5ml  GITC  (4M 
guanidium  isothiocyanate,  25mM  sodium  citrate-NaOH,  pH7,  0.5%  Na-N-lauryl 
sarcosine,  0.1M  2-mercaptoethanol)  solution  per  10-centimetre  (cm)  culture  dish  (approx. 
2.5  x  106  viable  cells,  as  determined  by  Coulter  counter  analysis,  and  trypan  blue 
exclusion  using  a  haemocytometer).  Lysates  were  homogenized  by  passage  through  a  23- 
gauge  syringe,  and  0.025  volumes  of  1M  glacial  acetic  acid  and  0.75  volumes  of  100% 
ethanol  were  added  to  precipitate  nucleic  acids.  Following  centrifugation  at  1600g  for  20 
minutes,  the  supernatant  was  discarded  and  the  pellet  was  resuspended  in  2  ml  GITC 
solution,  carefully  overlayered  on  a  2  ml  CsCl  gradient  and  centrifuged  at  31000  RPM  for 
18  hours  at  21°  C  in  a  Beckman  L8-70  ultracentrifuge  (Ti-70  rotor).  The  pellet  was 
extracted  twice  with  phenolxhloroform  (1:1)  and  RNA  precipitated  from  the  aqueous 
phase  with  2.5  volumes  ethanol  and  0.1  volume  3M  sodium  acetate  (pH  4.8).  The  RNA 
pellet  was  washed  with  70%  ethanol  and  resuspended  in  20  (il  DEPC-dHjO.  Total  RNA 
was  also  extracted  by  RNeasy  mini  kits  (Qiagen)  according  to  manufacturer’s  instructions 
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and  RNA  was  subsequently  concentrated  by  precipitation  (as  above)  and  resuspended  in 
20  (J.1  DEPC-treated  water. 

2-2.4c  Random  Primer  Labeling 

cDNA  probes  for  Northern  hybridizations,  prepared  as  described  in  Section  2-2.4a,  were 
radiolabeled  with  [a-32P]  dATP  using  Prime-It  II  Random  Primer  Labeling  kit 
(Stratagene)  according  to  manufacturer’s  instructions  and  subsequently  purified  by 
centrifugation  (400  g  for  1  minute  at  room  temperature)  in  a  1  ml  syringe  packed  with 
Sephadex  G50  (Pharmacia)  resin  to  remove  unincorporated  nucleotides  and  radiolabel. 
2-2.4d  Gel  Electrophoresis,  Northern  Blotting,  and  Hybridization 
Denaturing  gel  electrophoresis  of  RNA  in  1%  agarose  gels  containing  1%  formaldehyde 
was  performed  according  to  Sambrook  et  al.  (1989).  Capillary  (Northern)  blotting  onto 
Hybond  nylon  membranes  (Amersham)  was  also  according  to  Sambrook  et  al.  (1989)  and 
was  performed  overnight  at  room  temperature.  RNA  was  cross-linked  to  solid  support  by 
UV-crosslinking  at  1200  J/m2  in  UV  Stratalinker  2400  (Stratagene).  Blots  were  pre¬ 
hybridized  (in  the  absence  of  salmon  sperm  DNA),  hybridized,  and  washed  according  to 
the  method  and  reagents  described  in  Sambrook  et  al.  (1989).  Northern  blots  were 
autoradiographed  by  exposing  the  hybridized  filter  (in  Saran  wrap)  to  X-ray  film  (Kodak 
XAR-2)  for  1-192  hours  at  -80°C. 
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24  5  Mammalian  Cell  Lines  Used 

^11  tissue  culture  reagents  were  purchased  from  Sigma  unless  noted  otherwise.  All  cell 
lines  used  were  previously  verified  as  free  of  mycoplasm  infection  by  the  Dunn  School  of 
Pathology.  All  tissue  culture  plastics  were  obtained  from  Falcon. 

Primary,  non-transformed,  mortal  lines  NCTC  2544  human  keratinocytes,  WI38,  and 
MRC5  lung  fibroblast  human  cell  lines  were  obtained  from  the  Dunn  School  of 
Pathology  (Oxford,  UK);  passage  number  for  primary  lines  is  indicated  in  the  Results 
section.  Primary  human  MRC-5,  mouse  3T3,  HeLa,  and  SV40-transformed  MRC-5 
(MRC5-SV)  human  cell  lines  were  cultured  in  Dulbecco’s  Modified  Eagle  Media 
(DMEM)  with  10%  foetal  calf  serum  (FCS),  2mM  L-glutamine,  5.6  (ig/ml  amphotericin 
B,  100  |ig/ml  penicillin-streptomycin  (pen/strep)  at  37°  in  a  humidified  atmosphere  with 
5%  C02.  NCTC  2544  human  cell  line  was  similarly  cultured  with  NCTC  135  media 
(Gibco)  in  place  of  DMEM. 

2-2.6  Cell  Synchronizations 

Sub-confluent  HeLa  cells  were  synchronized  by  addition  of  2mM  thymidine  for  12  hours, 
washed  twice  at  37°  with  sterile  (tissue  culture  grade)  PBS,  and  fresh  media  containing 
2mM  deoxycytidine  and  20  ng/ml  nocodazole  was  added.  12  hours  after  addition  of 
nocodazole,  cells  were  released  from  mitotic  block  by  washing  twice  in  PBS  at  37°  and 
adding  fresh  media  containing  10%  FCS. 

MRC-5  embryonic  male  lung  fibroblast  cells  were  synchronized  by  growing  to 
confluence  in  10  cm  culture  dishes,  aspirating  media,  washing  in  PBS  at  37°C,  and 
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adding  fresh  media  containing  0.5%  FCS.  Cells  were  incubated  in  low  serum  for  55 
hours  before  they  were  trypsinized  (as  described  in  Section  2-2. 4b)  and  transferred  to  15 
cm  culture  dishes  with  15%  FCS  in  DMEM  to  stimulate  growth  and  proliferation. 

?-1.7  Trvpan  Blue  exclusion  and  Coulter  Counting 

Trypan  Blue  (Sigma)  lipid-insoluble  dye  was  diluted  from  stock  solution  to  0.2%  (v/v)  in 
calcium/magnesium-free  (CMF)  tissue  culture  grade  PBS  and  added  to  aliquots  of 
resuspended  cell  suspensions  in  complete  medium  at  a  1:1  ratio.  After  thorough  mixing 
of  the  cell  and  dye  suspension,  aliquots  were  loaded  onto  a  haemocytometer  for  cell 
counting  and  viability  analysis  on  a  Leitz  light  microscope.  Cell  counts  were  also 
performed  using  a  Coulter  counter  (Coulter)  according  to  manufacturer's  instructions. 
Briefly,  small  volumes  of  cell  suspensions  were  mixed  in  an  isotonic  buffer  (Isotone, 
Coulter)  and  passed  through  a  Coulter  counter  in  500  pi  volumes  to  count  cells.  Counts 
were  accomplished  at  least  twice  to  verify  accuracy. 

2-2.8  Flow  Cvtometrv 

Synchronized  cells  were  trypsin  harvested  (as  described  in  Section  2-2.4b),  collected  by 
centrifugation  (400g  for  5  minutes  at  21  °C),  washed  twice  in  tissue  culture  grade  PBS,  re¬ 
pelleted,  resuspended  in  1  ml  PBS,  and  permeabilized  and  fixed  by  adding  3  volumes  of 
100%  methanol  whilst  gently  vortexing.  Samples  were  stored  at  4°C  for  a  minimum  of  24 
hours  prior  to  washing  twice  in  PBS,  and  finally  incubated  in  staining  solution  (25  pg/ml 
DNase-free  RNase  (Sigma),  25  pg/ml  propidium  iodide  (Sigma)  in  PBS)  at  37°C  for  30 
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minutes.  Flow  cytometry  was  carried  out  using  FACScan  (Becton  Dickenson)  and 
fluorescence  profiles  were  subsequently  analyzed  by  Cell  Quest  software  (Becton 
Dickenson).  • 

2-2.9  Antibody  Production 

Immunizations  and  antibody  production  were  carried  out  at  the  Musaryk  Memorial 
Cancer  Institute  (Brno,  Czech  Republic)  under  the  supervision  of  Dr  Borek  Vojtesek. 

2-2.9a  Immunization  Schedule 

New  Zealand  White  rabbits  used  for  polyclonal  antibody  production  were  first 
immunized  by  subcutaneous  injections  with  500  jig  purified  FEN  1  protein  (either  His6- 
FEN1  or  untagged  FEN1)  mixed  1:1  with  Freund’s  Complete  adjuvant  (Sigma).  Second 
and  subsequent  injections  were  done  at  2  and  4  weeks,  respectively,  with  500  jug  protein 
in  incomplete  adjuvant.  Pre-immune  serum  was  collected  prior  to  the  first  injection  and  a 
test  bleed  was  taken  9  days  after  the  third  immunization  with  His6-FEN1  antigen.  No  test 
bleed  was  accomplished  on  the  rabbit  immunized  with  untagged  FEN1  protein.  Serum 
tested  here  was  from  the  final  bleed  out,  9  days  after  the  fourth  immunization. 

Two  Balb/C  mice  used  for  monoclonal  antibody  production  were  first  immunized  by 
subcutaneous  injection  with  50  jxg  of  purified  His6-FEN1  or  untagged  FEN1  preparations 
mixed  1:1  with  complete  adjuvant.  Second  and  third  immunizations  were  done  with 
similar  protein  concentrations  in  incomplete  adjuvant  at  14  and  35  days  after  the  first 
immunization,  respectively.  In  addition,  mice  were  given  20  jug  booster  injections 
(antigen  only,  without  adjuvant)  4  and  3  days  prior  to  sacrifice. 
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2-2.9b  Serum  Preparation 

Rabbit  and  mouse  polyclonal  sera  were  prepared  for  testing  by  incubation  of  animal 
blood  from  the  test  bleed  or  final  bleed  out  at  37°C  for  60  minutes  to  allow  clotting. 
After  overnight  incubation  at  4°C,  serum  was  centrifuged  at  10,000g  for  10  minutes  at 
4°C  to  remove  any  insoluble  material  before  adding  0.01%  sodium  azide  to  prevent 
microbial  contamination.  Finally,  polyclonal  antibody-containing  sera  were  subsequently 
tested  for  recognition  of  antigen. 

2-2.9c  Hybridoma  Production 

The  SP2  myeloma  cell  line  used  for  hybridoma  cell  fusions  is  defective  in  the  purine 
nucleotide  biosynthesis  salvage  pathway,  and  harbors  a  mutation  preventing  production 
of  functional  antibodies  (Harlow  and  Lane,  1988).  Consequently,  only  cell  fusions  of 
SP2  myeloma  cells  (providing  cell  immortality)  and  immunized  mouse  splenocytes 
(possessing  a  functional  nucleotide  biosynthesis  salvage  pathway)  are  able  to  proliferate 
in  selective  culture  (HA  media)  conditions. 

Mice  were  harvested  5  days  after  the  third  immunization.  The  spleen  was  extracted  under 
sterile  conditions  and  homogenized  as  described  in  Harlow  and  Lane  (1988). 
Splenocytes  were  isolated  and  fused  with  SP2  myeloma  cells  using  PEG-1500 
(Boehringer  Mannheim)  as  described  in  Harlow  and  Lane  (1988).  Approximately  107 
possible  hybridoma  cells  were  evenly  seeded  into  ten  (fusion  1)  or  eleven  (fusion  2)  96- 
well  plates  in  HA-DMEM  media  (10'4  M  hypoxanthine;  1  pg/ml  azaserine)  with  20% 
PCS  and  100  U/ml  penicillin/streptomycin  and  incubated  at  37°C  with  5%  C02  in  a 
humidified  atmosphere.  Seven  plates  contained  feeder  cell  populations  derived  from 
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peritoneal  cavity  while  3  contained  no  feeder  cells  in  case  of  contamination  of  feeder  cell 
population. 

2-2.9d  Anti-PCNA  (PC  10)  Hybridoma  Culture  and  Antibody  Purification 

The  anti-PCNA  hybridoma  cell  line,  PC  10,  was  a  generous  gift  of  Professor  David  Lane 
(University  of  Dundee,  Scotland).  PC  10  hybridoma  cells  secrete  high- affinity 
monoclonal  antibodies  that  recognize  the  epitope  SDYEMKLMDLD,  comprising  amino 
acids  111-125  of  monomeric  PCNA  (Roos  et  al.,  1993).  PC10  cells  were  cultured  (as 
described  in  Section  2-2.5)  to  high  density  (>106  cells/ml)  in  T75  tissue  culture  flasks 
(Falcon)  and  collected  by  centrifugation  at  1000  RPM  (400g)  for  10  minutes  in  a 
Beckman  GS15R  (S4180  rotor)  at  room  temperature.  The  supernatant,  containing  soluble 
anti-PCNA  antibody,  was  removed  and  the  cell  pellet  was  resuspended  in  complete 
medium  for  subsequent  sub-culturing.  After  addition  of  0.01%  sodium  azide  to  prevent 
microbial  contamination,  50  ml  aliquots  of  PC  10  hybridoma  supernatant  were  mixed  with 
200  (il  of  pre-washed  Protein  G  Sepharose  Fast  Flow  beads  (Pharmacia)  and  placed  on  a 
rotating  mixer  overnight  at  4°  C.  Four  50  ml  aliquots  were  then  poured  onto  0.8  X  4  cm 
Poly-Prep  Chromatography  columns  (BioRad)  to  allow  the  fast-flow  beads  to  settle  and 
the  flow-through  collected.  The  column  was  washed  with  10  bed  volumes 
(approximately  10  ml)  of  PBS  and  pooled.  PC  10  antibody  was  subsequently  eluted  with 
10  ml  of  100  mM  glycine  (pH  2.5-3.0)  and  1  ml  fractions  were  collected.  After 
collection,  each  fraction  was  immediately  neutralized  with  2M  Tris  and  the  pH  of  each 
fraction  was  tested  to  ensure  the  pH  was  between  1.0-1. 5.  Aliquots  of  fractions  were 
subsequently  analyzed  on  10%  SDS-PAGE  followed  by  Coomassie  staining  to  determine 
Peak  IgG  fractions  (determined  by  the  heavy  and  light  chains  at  approximately  55  and  30 
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kDa,  respectively).  Western  blots  of  human  cell  lysates  (HeLa)  were  probed  with  the 
purified  antibody  at  various  dilutions  up  to  1:4000  and  showed  strong  recognition  of 
pCNA  protein  (data  not  shown). 

7.2.10  Protein  Analysis 

Protein  concentrations  were  determined  by  a  modification  of  the  Bradford  method  (1976) 
using  protein  reagent  (BioRad)  according  to  manufacturer’s  instructions.  8-12%  SDS- 
PAGE  was  carried  out  using  a  modification  of  the  method  of  Laemmli  (1970).  Briefly, 
Miniprotean  II  (BioRad)  gels  were  run  at  150-200V  (constant  voltage)  for  40-60  minutes. 
Protein  was  electrophoretically  transferred  to  nitrocellulose  (Schleicher  &  Schuell) 
membranes  as  described  by  Sambrook  et  al.  (1989)  at  250  mA  for  one  hour.  To 
minimize  non-specific  antibody  binding,  blots  were  blocked  for  a  minimum  of  30 
minutes  in  5%  non-fat  milk  (Marvel,  Cadbury)  in  PBS  containing  0.4%  (v/v)  Tween  20, 
washed  twice  with  PBS,  then  subsequently  probed  with  primary  antibody  diluted  in  0.1- 
1%  milk-PBS  for  30  minutes  at  room  temperature  or  overnight  at  4°C.  Horseradish 
peroxidase-conjugated  (HRP)  secondary  antibodies  (Dako)  were  diluted  at  1:500  to 
1:2000  in  1%  milk-PBS,  and  were  incubated  with  the  blots  for  30-60  minutes  at  room 
temperature.  Blots  were  washed  after  primary  antibody  with  0.2%  (v/v)  Tween  20-PBS, 
and  with  2%  (v/v)  milk-PBS-0.2%  Tween  20  following  incubation  with  secondary 
antibody.  Enhanced  chemiluminescent  (ECL)  reactions  were  carried  out  according  to 
Manufacturer's  instructions  (Amersham).  Antibody  complexes  were  stripped  from 
Western  blots  in  stripping  buffer  (Section  2-1.4)  in  a  sealed  container  for  30  minutes  at 
C,  then  blots  were  washed  extensively  in  deionized  water  prior  to  blocking  and  re- 
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probing.  Total  protein  was  stained  using  either  Indian  ink  and  Ponceau  Red  (Sigma)  at 
1:1000  dilution  in  PBS  with  0.2%  (v/v)  Tween  20  for  5-10  minutes  at  room  temperature. 
Blots  were  subsequently  washed  extensively  in  PBS-0.2%  Tween  prior  to  blocking  and 
immunoprobing. 

2-2.11  Silver  staining 

Silver  staining  of  polyacrylamide  gels  was  performed  using  the  Rapid-Ag-Stain  kit  (ICN 
Biomedicals)  following  the  manufacturer’s  protocol.  Following  silver  staining,  gels  were 
extensively  washed  and  stored  in  double-deionized,  sterile  water  to  minimize  background 
staining. 

2-2.12  Native  PAGE 

5-25%  native  gradient  PAGE  was  performed  using  BioRad  Miniprotein  II  gel  kits. 
Gradients  were  manually  formed  in  a  drop-wise  fashion  in  5-ml  pipettes  and  carefully 
poured  into  glass  plates  for  polymerization  before  the  4%  stacking  gel  was  polymerized 
on  top.  Gels  were  pre-run  at  70V  for  15  minutes  in  a  Tris-glycine  native  gel 
electrophoresis  buffer  (25  mM  Tris.HCl,  192  mM  glycine,  pH  8.8)  to  equilibrate. 
Samples  were  then  loaded  in  5X  sample  loading  buffer  (312.5  mM  Tris.HCl,  pH  6.8, 
50%  (v/v)  glycerol,  0.05%  bromophenol  blue)  and  electrophoresis  was  conducted  at 
150V  for  3  hours  at  4°  C.  Gradients  formed  by  this  method  were  extensively  tested  to 
ensure  gradient  reproducibility  and  maintenance  of  native  protein  complexes. 


?.'2-13  Glvcerol  Gradients 


All  buffers  and  reagents  were  pre-chilled  prior  to  use.  NP40  lysis  buffer  (without  1% 
NP40  detergent,  see  Section  2-1.4)  was  freshly  prepared  with  either  15%  or  30%  (v/v) 
glycerol  and  protease  inhibitors  (Complete  Mini  protease  inhibitors,  Boehringer 
Mannheim).  2.4  ml  of  30%  glycerol  solution,  2.4  ml  of  15%  glycerol  solution,  and  200 
pi  of  soluble  protein  (with  approximately  100  pg  total  protein)  from  mammalian  cell 
extracts  supplemented  with  5%  glycerol,  were  carefully  layered  sequentially  in  pre-chilled 
10  ml  centrifuge  tubes  and  spun  at  55,000  RPM  for  18  hours  at  4°  C  in  an  L8-70 
ultracentrifuge  with  Ti-70  rotor  (Beckman).  Following  centrifugation,  the  gradient  was 
carefully  removed  from  bottom  to  top  in  0.8  mm  tubing  at  0.6  ml/minute  using  a  BioKad 
EconoPump.  100  pi  fractions  were  collected  and  immediately  suspended  with  25  pi  4X- 
reducing  sample  buffer  (RSB-DTT).  Aliquots  of  collected  fractions  were  run  on  10% 
SDS-PAGE,  western  blotted,  and  probed  with  anti-FENl  and  anti-PCNA  antibodies  (see 
Section  2-2.10). 

2-2.14  Densitometry  Measurements 

Densitometry  measurements  of  RNA  and  protein  bands  on  exposed  films  were  performed 
using  a  BioRad  GS-670  Imaging  Densitometer  with  Molecular  Analyst  software,  version 
1.2  (BioRad). 

2-2.15  DNA  Damage  Studies 

Methyl  methane-sulfonate  (1 1.4  M  MMS  stock  solution)  in  DMSO  (Sigma- Aldrich)  was 
used  to  cause  alkylation  damage  of  human  cells  during  DNA  damage  studies.  Cellular 
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damage  by  UVC-irradiation  was  performed  with  a  Stratalinker  2400  (Stratagene)  at 
various  intensities  and  durations. 

2-2.16  Immunofluorescence  Microscopy 

The  GFP-FEN 1  and  GFP-AFEN 1  plasmids  used  in  fluorescence  microscopy  were  a  gift 
from  Dr  J-L  Li  (University  of  Oxford).  GFP-FEN  1  plasmids  were  constructed  with  the 
Bgin-Hindm  restriction  digest  fragment,  encoding  the  entire  human  FEN1  ORF,  ligated 
into  similarly  digested  pEGFP-Cl  plasmids  (CLONTECH)  containing  the  GFP  cDNA 
sequence.  The  GFP-AFEN1  plasmid  was  constructed  similarly,  but  the  FEN1  ORF 
contains  a  69  bp  in-frame  deletion  that  results  in  mutant  FEN1  protein  lacking  amino 
acids  225-247  from  the  full-length  sequence.  All  construct  DNA  sequences  were 
subsequently  verified  by  ABI  automatic  sequencing  (University  of  Oxford,  UK).  Both 
GFP-FEN  1  constructs,  when  expressed  from  the  constitutive  cytomegalovirus  (CMV) 
promoter,  will  produce  recombinant  human  FEN1  protein  with  an  N-terminal  GFP 
fluorescence  tag. 

GFP,  GFP-AFEN1,  and  GFP-wtFENl  plasmids  were  transformed  into  E.  coli  DH5a  (as 
described  in  Section  2-2.1)  and  individual  colonies  were  screened  by  diagnostic 
restriction  enzyme  digest  to  verify  the  presence  of  the  human  FEN1  cDNA  insert. 
Bacteria  containing  GFP,  GFP-AFEN  1,  and  GFP-wtFENl  plasmids  were  selectively 
amplified  in  100  ml  culture  volumes  [LB  with  50  pg/ml  kanamyosin  (Sigma)],  and 

plasmid  DNA  was  column-purified  (Plasmid  Mini  kits,  Qiagen)  according  to 
manufacturer’s  instructions. 
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Reagents  were  prepared  for  transfection  by  mixing  3  pg  of  DOSPER  cationic 
lipofectamine  (Boehringer  Mannheim)  with  0.5  |lg  of  either  GFP,  GFP-AFEN1,  or  GFP- 
wtFENl  plasmid  DNA  according  to  manufacturer’s  instructions. 

Approximately  3  X  104  asynchronous  HeLa  cells  were  seeded  on  sterile  13  mm 
coverslips  at  the  bottom  of  24-well  culture  vessels,  and  were  incubated  in  DMEM 
supplemented  with  10%  FCS  for  24  hours  prior  to  treatment.  Following  the  24-hour 
incubation,  the  medium  was  aspirated  and  0.5  ml  of  fresh  DMEM  (without  FCS), 
containing  transfection  reagents  with  either  GFP,  GFP-AFEN 1 ,  or  GFP-wtFEN  1  plasmid 
DNA,  were  added  to  individual  culture  vessels.  Some  cells  were  treated  with  DOSPER 
only  to  serve  as  a  control  for  autofluorescence. 

HeLa  cells  were  incubated  in  the  presence  of  transfection  reagents  (with  and  without 
plasmid  DNA)  for  6  hours,  and  then  the  medium  was  aspirated,  cells  washed  with  37°C 
PBS,  and  fresh  DMEM  supplemented  with  10%  FCS  was  added  to  all  culture  vessels. 
Following  an  18-hour  incubation  to  allow  GFP  and  GFP-FEN1  protein  expression,  HeLa 
cells  on  coverslips  were  washed  twice  in  PBS,  then  fixed  in  situ  with  either  3%  (w/v) 
paraformaldehyde-PBS  (Sigma)  or  ice-cold  methanol-acetone  (50:50  v/v)  for  10  minutes 
at  room  temperature.  After  three  washes  in  PBS,  nuclei  were  stained  with  0.25  (ig/ml 
Hoescht  33258  (Sigma)  in  PBS  for  5  minutes  at  room  temperature.  In  some  instances, 
coverslips  were  also  probed  with  anti-PCNA  monoclonal  antibody  PC  10  (diluted  to 
1 : 1 000  in  PBS)  and  TRITC-conjugated  anti-mouse  IgG  (diluted  to  1:64  in  PBS) 
secondary  antibodies  (Sigma)  prior  to  nuclear  staining  with  Hoescht  33258.  Following 
staining,  coverslips  were  washed  three  times  in  PBS,  mounted  on  glass  slides  containing 
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VECTASHIELD®  mounting  medium  (Vector  Labs),  and  sealed  with  molten  agarose. 
Slides  were  viewed  immediately  with  a  Zeiss  Axioskop  2  fluorescence  microscope  using 
blue  (Hoescht  33258),  red  (TRITC),  and  green  (GFP)  filters,  and  photographed  with  an 
MC  80  DX  microscope  camera  (Zeiss)  and  Fujichrome  64T  colour  transparency  film  at 
various  exposure  times. 
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CHAPTER  THREE:  HUMAN  FEN1  PROTEIN  PURIFICATION  AND 


ANTIBODY  PRODUCTION 

3-1:  Introduction 

A  primary  aim  of  this  project  is  to  examine  FEN1  protein  expression  in  vivo,  and 
determine  its  sub-cellular  localization  during  the  cell  cycle  and  in  response  to  DNA 
damage.  In  order  to  analyze  FEN1  temporal  and  spatial  expression  in  vivo,  high-affinity 
monoclonal  and  polyclonal  antibodies  are  essential. 

At  the  start  of  this  investigation,  we  possessed  an  extremely  limited  stock  of  anti¬ 
human  FEN1  polyclonal  antibody,  3220  (Warbrick  et  al.,  1997).  Additionally,  there  are 
no  commercial  antibodies  to  FEN1,  and  recent  attempts  to  obtain  additional  polyclonal 
FEN1  antibodies  from  published  sources  (Chen  et  al.,  1996;  Warbrick  et  al.,  1997)  have 
been  unsuccessful.  Consequently,  considerable  efforts  were  made  to  produce  both 
monoclonal  and  polyclonal  antibodies  to  either  purified  recombinant  FEN1  protein  or 
synthetic  peptides  comprising  a  region  from  FEN1 . 

Both  polyclonal  and  monoclonal  antibodies  to  human  FEN1  were  desired  for 
specific  reasons.  Firstly,  although  it  is  a  limited  resource,  polyclonal  serum  is  typically 
capable  of  recognizing  more  than  one  antigenic  epitope.  Multiple  recognition  and 
binding  sites  may  increase  the  possibility  of  immunological  detection  in  some  assays, 
even  when  epitopes  are  masked  or  hidden  due  to  tertiary  or  quaternary  protein  structures 
(Harlow  and  Lane,  1988).  In  contrast,  monoclonal  antibody  production,  stemming  from 
the  technique  developed  by  Kohler  and  Milstein  (1975),  provides  an  unlimited  supply  of 
homogeneous  antibodies  that  recognize  and  bind  a  singular  epitope  (Harlow  and  Lane, 
1988).  A  battery  of  several  different  monoclonal  antibodies  to  human  FEN1  protein 
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would  provide  a  powerful  tool  to  study  possible  changes  in  FEN1  epitope  recognition 
during  immunoprecipitation  of  native  protein  from  synchronized  or  DNA-damaged  cell 
populations.  Changes  in  FEN1  epitope  recognition  by  monoclonal  antibodies  may 
identify  changes  in  FEN1  protein  structure  resulting  from  post-translational  modifications 
or  protein-to-protein  interactions.  Secondly,  high-affinity  monoclonal  and  polyclonal 
antibodies  were  to  be  used  for  immunoprecipitation  of  FEN  1  protein  from  synchronized 
mammalian  cells  harvested  throughout  the  cell  cycle  or  subjected  to  DNA  damage. 
Immunoprecipitation  of  FEN1  protein  during  various  stages  of  the  cell  cycle,  or  in 
response  to  DNA  damage,  would  allow  a  detailed  analysis  of  protein  expression  levels 
and  possibly  identify  putative  interacting  proteins  during  the  cell  cycle  or  during  DNA 
repair.  Lastly,  high-affinity  FEN1  antibodies  would  also  provide  a  means  to  study  FEN1 
protein  sub-cellular  localization  during  the  cell  cycle  and  in  response  to  DNA  damage  by 
immunofluorescence  microscopy  of  fixed  cell  culture  populations. 

In  addition  to  immunological-based  methods  of  detection,  recent  advances  in 
Green  Fusion  Protein  (GFP)  technology  provide  an  alternative  method  of  protein 
detection  in  fixed  or  living  cell  populations  (Chalfie  et  al.,  1994).  GFP,  derived  from  the 
bioluminescent  jellyfish  Aequorea  victoria,  emits  a  strong  green  fluorescence  when 
irradiated  with  near  UV  or  blue  light  (Morin  and  Hastings,  1971).  Cells  transfected  with 
GFP-containing  plasmids,  and  expressing  GFP  protein,  can  be  viewed  microscopically 
upon  illumination  with  UV  light  (Chalfie  et  al.,  1994).  Additionally,  researchers  have 
previously  demonstrated  that  transfection  of  COS-7  (Pines,  1995),  HeLa  (Inouye  &  Tsuji, 
1994;  Pines,  1995),  and  NIH  3T3  (Pines,  1995)  mammalian  cell  lines  with  various  GFP- 
cDNA  constructs  show  proper  sub-cellular  localization  of  recombinant  protein; 
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suggesting  that  the  GFP  tag  does  not  interfere  with  normal  spatial  expression  of  target 
proteins.  Consequently,  transient  or  stable  transfection  of  cultured  cells  with  purified 
plasmid  DNA  containing  the  GFP-FEN1  DNA  sequence,  and  subsequent  constitutive 
expression  of  recombinant  GFP-FEN1  protein  from  the  cytomegalovirus  (CMV)  early 
promoter,  may  provide  an  alternative  method  for  studying  human  FEN1  protein  spatial 
expression  and  sub-cellular  localization  during  the  cell  cycle  and  in  response  to  DNA 
damage. 

This  chapter  will  discuss  two  separate  protein  purifications  of  recombinant  human 
FEN1  protein  and  two  subsequent  attempts  at  producing  both  monoclonal  and  polyclonal 
antibodies.  In  addition,  I  will  discuss  the  production,  testing,  and  usage  of  novel  anti- 
Xenopus  FEN1  polyclonal  antibodies  and  a  peptide-derived  monospecific  polyclonal 
antibody  to  human  FEN1.  Lastly,  I  will  examine  the  sub-cellular  localization  of 
recombinant  human  FEN1  protein  in  vivo  using  a  Green  Fluorescent  Protein  construct 
(GFP-FEN1). 

3-2;  Purification  of  His-tagged  Recombinant  Human  FEN1 

In  order  to  produce  sufficient  purified  antigen  for  antibody  production,  the  open 
reading  frame  of  human  FEN1  (Murray  et  al.,  1994)  was  initially  sub-cloned  into  plasmid 
pET-2 Id  in-frame  with  a  six-histidine  residue,  C-terminal  affinity  tag,  to  facilitate  the 
initial  protein  purification  steps.  A  schematic  of  the  pET-21d  plasmid  vector  and  cloning 
sites  used  is  shown  in  Appendix  1.  Details  of  subcloning,  transformation,  and  induced 
protein  expression  were  as  described  in  the  Methods  section.  Briefly,  pET21d-FENl  was 
constructed  with  the  Ncol-Dral  fragment  (containing  the  human  FEN1  ORF)  of  shuttle 
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vector  pDR2-FENl  cDNA  (Murray  et  al.,  1994)  ligated  into  the  C-terminal  histidine- 
tagged  vector,  pET-2 Id  (Novagen)  that  had  been  digested  with  NcoI-BamHI  and 
subsequently  Klenow  filled-in  to  create  a  compatible  blunt  end  (data  not  shown). 
Following  restriction  enzyme  screening  for  constructs  containing  the  FEN1  cDNA 
sequence,  E.  coli  strain  BL21  (DE3)  bacteria  were  transformed  with  pET-2  ld-FENl 
plasmids,  and  protein  expression  induced  using  IPTG.  Additionally,  it  should  be  noted 
that  extensive  optimization  experiments  had  revealed  that  the  addition  of  0.5  M  sorbitol 
in  bacterial  culture  media  was  essential  to  prevent  excessive  insolubility  of  recombinant 
protein,  in  the  form  of  inclusion  bodies,  when  cultures  were  induced  to  express 
recombinant  FEN1  protein.  Consequently,  all  bacterial  cultures  induced  to  express  His6- 
FEN1  recombinant  protein  contained  0.5  M  sorbitol  and  2.5  mM  betaine  (Blackwell  and 
Horgan,  1991)  to  facilitate  its  cellular  uptake. 

Induced  500  ml  bacterial  cultures,  containing  recombinant  human  FEN1  protein, 
were  harvested  and  soluble  protein  was  extracted  in  30  ml  volumes,  with  10  mM 
imidazole  (see  Methods  and  Materials).  The  presence  of  soluble  FEN1  protein  in  extracts 
was  verified  by  immunoprobing  of  western  blots  with  anti-FENl  polyclonal  antibody, 
3220  (Warbrick  et  al.,  1997)  (data  not  shown).  All  protein  extracts  were  filtered  at  0.45 
pm  to  remove  insoluble  precipitate  and  passed  through  a  pre-equilibrated  1  ml  His-Trap 
column  (Pharmacia)  at  a  flow  rate  of  0.5  ml/minute  using  a  Pharmacia  PI  pump.  After 
collecting  the  flow-through  and  washing  with  10  column  volumes  of  buffer,  bound 
protein  was  eluted  by  a  stepwise  increase  in  imidazole  concentration  (from  100-500 
mM),  collecting  0.5  ml  fractions.  It  should  be  noted  that  several  optimization 
experiments  had  previously  shown  that  no  discrete  imidazole  concentration  was  most 
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efficient  for  His6-FEN1  elution.  Consequently,  several  stepwise  and  linear  gradient 
elutions  were  performed  and  Figure  3-1  shows  a  typical  elution  profile  observed  during 
His6-FEN1  purification. 

Figure  3-1  showing  His-trap  purification 

As  can  be  seen  in  Figure  3-1,  fractions  enriched  for  His6-FEN1  protein  could  be 
detected  by  the  second  100  mM  fraction.  All  subsequent  fractions  eluted  with  100  mM 
imidazole  (100  mM  2-10)  were  enriched  for  Hisg-FENl  protein,  with  maximum  levels  of 
His6-FEN1  detected  in  the  fifth  100  mM  fraction  (100  mM-5).  High  levels  of 
recombinant  FEN1  protein  were  also  observed  in  fractions  eluted  with  200  mM 
imidizole,  with  maximal  levels  detected  in  the  first  fraction  (200  mM-1),  and  then 
gradually  decreasing  in  subsequent  200  mM  fractions  (200  mM-2  until  200  mM-5).  In 
addition,  high  levels  of  His6-FEN1  protein  were  also  noted  in  the  first  fraction  eluted  with 
500  mM  imidazole  (500  mM-1),  but  protein  concentrations  were  significantly  decreased 
in  subsequent  fractions  (500  mM-2  to  500  mM-3). 

Following  partial  purification  of  His6-FEN1  protein  by  metal-affinity 
chromatography,  the  purest  FEN1  fractions  (200  mM-3,  4,  5,  500  mM-1  in  Figure  3-1), 
as  determined  by  Coomassie  staining,  were  subsequently  pooled  and  2  ml  aliquots  were 
then  passed  through  a  pre-equilibrated  Sephacryl  HighLoad  16/60  S-100  gel  filtration 
column  (Pharmacia).  Pre-calibration  of  the  column  was  performed  previously,  using 
molecular  weight  calibration  standards  (BioRad)  (see  Methods  &  Materials),  and  0.5  ml 
fractions  were  collected  at  a  flow  rate  of  0.5  ml/min.  Analysis  by  Coomassie  staining  of 
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10%  SDS-PAGE  gels  of  eluted  fractions  following  gel  filtration  (Figure  3-2)  showed 
relatively  pure  fractions,  but  silver  staining  (Figure  3-3),  and  Coomassie  staining  of  gels 
(data  not  shown)  with  higher  protein  concentrations,  revealed  numerous  contaminating 
bands. 

Figures  3-2  &  3-3  Showing  gel  filtration  profile  and  silver  stained  gel  filtration  fractions 

Based  on  the  silver  staining  results  (Figure  3-3),  it  was  determined  that  further 
purification  was  desired  to  produce  recombinant  human  FEN1  protein  for  use  as  antigen 
in  polyclonal  antibody  production.  Therefore,  I  chose  to  electroelute  recombinant  human 
FEN1  protein  from  10%  SDS-PAGE  gels  of  peak  gel  filtration  fractions  (Fractions  3-9  in 
Figure  3-2A).  Large  10  X  20  cm  gels  were  used  to  allow  greater  volumes  to  be  loaded 
and  higher  resolution,  in  an  attempt  to  separate  human  FEN1  protein  from  similar 
molecular  weight  contaminants.  Coomassie  staining,  prior  to  excision  of  bands  and 
electroelution  of  recombinant  human  FEN1  protein,  was  also  minimized  to  prevent 
excessive  protein  fixation  and  amino  acid  cross-linking.  Electroelution  of  His6-FEN1 
protein  from  numerous  gel  filtration  fractions,  followed  by  dialysis  in  NaHC03  overnight 
at  4°  C,  yielded  approximately  1.2  mg  of  highly  purified,  though  denatured,  FEN1 
protein,  as  determined  by  comparison  with  BSA  standards  (Figure  3-4). 

Figure  3-4  of  electroeluted  FEN1 
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During  continuous  dialysis  in  NaHCC>3,  with  several  buffer  changes  over  a  24- 
hour  period,  an  increasing  amount  of  precipitate  in  dialysis  tubing  was  noted.  It  is 
possible  that  despite  extensive  dialysis,  SDS  concentrations  may  have  remained  high, 
resulting  in  salt  or  denatured  protein  precipitate  forming  in  dialysis  tubing.  Despite  this, 
recognition  of  electroeluted  recombinant  His6-FEN1  protein  was  verified  by  western 
blot/immunoprobing  and  ELISA  colorimetric  reactions  on  immobilized  protein  in  96- 
well  plates  using  the  anti-FENl  polyclonal  antibody  3220  (Warbrick  et  al. ,  1997)  (data 
not  shown).  The  purified  protein  was  subsequently  lyophilized  (24  hours  at  -50  degrees 
C)  to  concentrate,  and  used  as  immunogen  for  production  of  polyclonal  and  monoclonal 
antibodies. 

3-3:  Production  and  Screening  of  Antibodies  to  Anti-His^-FENl 
3-3.1:  Polyclonal  Antibody  Production 

to  obtain  polyclonal  antibodies  against  FEN1,  New  Zealand  White  rabbits  were 
immunized  by  subcutaneous  injections  of  500  pg  of  purified  recombinant  human  His6- 
FEN1  protein  at  bi-weekly  intervals  (see  Methods  &  Materials).  Nine  days  after  the  third 
immunization  with  500  pg  of  purified  His-tagged  FEN1  antigen,  serum  from  the 
immunized  rabbit  was  prepared  (see  Methods  &  Materials)  for  analysis  of  recognition  of 
purified  recombinant  FEN1  (as  was  used  as  antigen),  or  soluble  FEN1  protein  from 
SV40-transformed  human  MRC5  (MRC5-SV)  and  SKBR  cells  on  western  blots.  Pilot 
experiments  of  similar  western  blots  with  identical  protein  concentrations  loaded  showed 
recognition  of  endogenous  human  FEN1  in  MRC5-SV  by  anti-FENl  polyclonal 
antibody,  3220  at  dilutions  of  up  to  1:16,000  (data  not  shown).  However,  using  the 
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polyclonal  serum  produced  here,  following  three  immunizations  with  His6-FEN1  protein, 
no  FEN1  protein  band  at  the  expected  molecular  weight  (approximately  47  kDa)  could  be 
detected  on  identical  western  blots  at  serum  dilutions  ranging  from  1:500  to  1:1000 
(Figure  3-5  A,  3-5C).  Comparison  of  the  pre-immune  with  post-immune  serum  (Figure  3- 
5B)  also  shows  that  the  primary  antigenic  response  appears  to  be  against  unknown 
proteins  in  the  human  MRC5-SV  cell  extracts  with  molecular  weights  of  approximately 
38,  32,  and  30  kDa.  The  identity  of  these  proteins  was  not  investigated.  Because  it 
appeared  that  there  was  no  immunogenic  response  to  His6-FEN1  antigen,  immunizations 
were  subsequently  terminated. 

Figure  3-5 A/B  of  polyclonal  antibody  recognition  of  His6-FEN1 

3-3.2:  Monoclonal  Antibody  Production 

In  an  attempt  to  produce  monoclonal  antibodies  against  recombinant  human 
FEN1  protein,  two  Balb/C  mice  were  initially  immunized  with  50  pg  of  His6-FEN1 
antigen.  Further  immunizations  with  50  pg  of  His6-FEN1  were  carried  out  at  14  and  35 
days,  respectively,  following  the  first  immunization  (see  Methods  &  Materials).  In 
addition,  both  mice  were  given  booster  injections  of  50  pg  of  His6-FEN1  protein  four  and 
three  days  prior  to  sacrifice  to  improve  immunogenic  response.  Creation  and  selection  of 
hybridoma  cells  from  fusions  of  SP2  myeloma  cells  and  immunized  mouse  splenocytes  in 
selective  HA  media  was  as  described  in  the  Methods  chapter.  It  should  be  noted  that  the 
extremely  limited  quantity  of  positive  control  antibody,  3220,  was  unavailable  during 
screening  of  hybridoma  supernatants. 
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Table  3-1  showing  screening  percentages 


Ten  days  after  hybridoma  seeding,  the  first  colonies  were  ready  for  screening  for 
recognition  of  human  FEN1.  Screening  continued  for  several  days,  during  which  time, 
all  wells  that  contained  colonies  were  screened.  The  following  describes  the  strategy 
employed  for  hybridoma  screening: 

Cell  culture  supernatants  were  first  tested  for  IgG  secretion  by  dot  blot  analysis 
and  colorimetric  reactions  on  immobilized  anti-mouse  IgG  blots.  Individual  supernatants 
were  scored  as  +,  ++,  or  +++  (see  Table  3-1),  relative  to  the  positive  control,  for  IgG 
secretion.  Hybridoma  supernatants  from  all  cell  colonies  that  secreted  IgG,  as 
determined  by  anti-mouse  IgG  dot  blots,  were  next  tested  by  dot  blot  analysis  for 
recognition  of  recombinant  His6-FEN1  protein  (cognate  antigen)  immobilized  on 
nitrocellulose. 

Figure  3-6  showing  monoclonal  screening  blots 

Supernatants  from  colonies  secreting  antibodies  that  appeared  to  recognize 
recombinant  His6-FEN1  protein  on  dot  blots  were  next  tested  on  western  strip  blots  of 
human  MRC5-SV  cell  extracts  that  I  had  previously  shown,  using  polyclonal  antibody 
3220,  to  contain  significant  concentrations  of  endogenous  FEN1  protein  (data  not 
shown).  Lastly,  hybridoma  supernatant  from  colonies  that  secreted  IgG,  recognized 
recombinant  His6-FEN1  protein  by  dot  blot  analysis,  and  recognized  a  putative  FEN1 
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band  (based  solely  on  molecular  weight  analysis)  from  human  cell  extracts,  were 
analyzed  for  recognition  of  His6-FEN1  run  on  a  10%  SDS-PAGE  and  western  blotted 
onto  nitrocellulose.  Table  3-1  details  the  number  and  percentage  of  colonies  screened, 
and  the  results  of  their  testing  during  the  monoclonal  antibody  screening  process.  In 
addition.  Figure  3-6  shows  representative  examples  of  test  results  observed  with  tissue 
culture  supernatants  from  hybridoma  cells  derived  from  mice  immunized  with  His6-FEN1 
protein. 

As  can  be  seen  in  Table  3-1,  nearly  50%  of  the  hybridoma  cells  from  the  first 
fusion  and  69%  from  the  second  fusion,  grew  in  selective  media,  and  were  subsequently 
screened  for  production  of  antibody  against  recombinant  human  FEN1  protein.  The 
representative  dot  blot  in  Figure  3-6A  shows  that  about  20%  of  the  colonies  tested  by  dot 
blot  analysis  secreted  IgG,  but  at  varying  levels,  as  determined  by  staining  intensity. 
Further  tests  on  IgG-secreting  colonies  (A6,10,12;  Bl,ll;  C4,5,8,ll;  Dl,3,12;  E12; 
FI, 6,8;  G9  in  Figure  3-6A),  revealed  that  approximately  15%  of  these  appeared  to 
recognize  recombinant  His6-FEN1  protein  in  dot  blot  analyses  (15,18,19,20  in  Figure  3- 
6B),  again  at  various  degrees  of  intensity.  When  IgG-secreting  colonies,  that  also 
appeared  to  recognize  recombinant  FEN1  protein  by  dot  blot  analysis,  were  next  tested 
for  recognition  of  endogenous  FEN1  protein  in  MRC5-SV  cell  extracts  (Figure  3-6C),  it 
appeared  that  some  colonies  secreting  antibody  recognized  a  putative  endogenous  FEN1 
band  on  western  strip  blots  (lanes  2,  5,  6,  9  in  Figure  3-6C).  However,  further  testing  of 
those  colonies  on  western  blots  of  purified  His6-FEN1  protein  and  soluble  protein 
extracts  from  other  cell  lines  (representative  test  of  MRC5  cell  extracts  in  Figure  3-6D) 
revealed  no  recognition  of  FEN1  protein.  In  total,  over  500  hybridoma  colonies  per 


10 


immunized  mouse  were  screened,  but  no  positive  clones  secreting  antibody  against  FEN1 
were  identified  (Table  3-1)  that  tested  positive  in  all  four  assays  described  above. 

3-4:  Purification  of  Untagged  FEN1  Protein 

The  lack  of  immune  response  to  His6-FEN1  may  indicate  that  the  His-tag 
somehow  may  obscure  an  immunogenic  region  of  FEN1.  To  avoid  any  such  potential 
problems,  the  entire  open  reading  frame  of  FEN1  was  also  subcloned  into  the  plasmid 
vector  pT7-7  which  permits  expression  of  protein  from  the  insert  without  a  tag. 
Subcloning,  transformation,  and  induced  expression  (in  media  without  sorbitol  and 
betaine)  were  carried  out  as  described  in  the  Methods  chapter.  Briefly,  pT7.7  plasmids, 
containing  the  entire  human  FEN1  ORF,  under  the  control  of  the  T7  promoter,  were 
transformed  in  E.  coli  BL21  (DE3)  and  protein  expression  induced  using  IPTG. 

Figure  3-7. 10%  SDS-PAGE  of  partially  purified  recombinant  human  FEN1  protein. 

Inclusion  bodies,  containing  insoluble  recombinant  FEN1  protein,  were  isolated, 
extracted  by  guanidine  HC1  denaturation  of  inclusion  body  complexes,  and  subsequently 
renatured  (see  Methods  &  Materials).  This  method  of  extraction  resulted  in  partial 
purification  and  significant  enrichment  of  recombinant  human  FEN1  protein  as  detected 
by  Coomassie  staining  of  extracted  protein  separated  by  10%  SDS-PAGE  (Figure  3-7). 
The  identity  of  the  major  47  kDa  protein  band  on  Coomassie  (Figure  3-7,  lane  5)  as 
FEN1  was  verified  on  western  blots  by  probing  with  polyclonal  antibody  3220  (data  not 
shown). 
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Solubilization  of  recombinant  protein  isolated  from  inclusion  bodies  by  this 
method  of  extraction  with  5M  guanidine  hydrochloride  probably  results  in  large 
quantities  of  highly  denatured  protein.  Successful  renaturation  of  insoluble  protein 
extracted  by  this  method  has  been  reported,  using  renaturation  conditions  conducive  to 
proper  refolding  of  denatured  proteins  (Midgley  et  al.,  1992).  I  therefore  attempted  to 
renature  recombinant  FEN1  protein  (see  Methods  &  Materials)  by  attempting  to  optimize 
conditions  to  allow  significant  renaturation  of  solubilized  protein.  In  attempts  to  optimize 
protein  renaturation  conditions  and  prevent  protein  precipitation  on  dilution  of  NaCl  from 
1M  to  150  mM  (physiological  salt  concentration),  various  incubation  and  dialysis 
conditions  were  tested.  However,  despite  efforts  to  prevent  precipitation  by  dilution, 
adjustment  of  salt  concentrations,  addition  of  oxidizing  or  reducing  agents,  or  addition  of 
10%  glycerol,  protein  continually  precipitated  from  solution  during  dialysis  at  salt 
concentrations  as  high  as  500  mM.  To  determine  the  solubility  status  of  recombinant 
FEN1  protein  in  these  conditions,  protein  suspensions  were  centrifuged  at  3000g  for  1  hr 
at  4°C  and  the  soluble  and  insoluble  (pellet)  fractions  were  analyzed  by  SDS-PAGE. 
Coomassie  staining  revealed  that  the  vast  majority  of  FEN1  was  contained  in  the  pellet, 
but  very  little  was  detected  in  the  soluble  fraction  (data  not  shown).  The  precipitate, 
containing  0.3  mg/ml  (9  mg  in  total)  of  partially  purified  FEN1,  was  most  probably 
denatured  protein.  Consequently,  the  entire  preparation,  containing  soluble  and  insoluble 
recombinant  FEN1  protein,  was  lyophilized  and  used  as  immunogen  for  the  production  of 
monoclonal  antibodies  in  mice.  Because  more  highly  purified  protein  was  desired  for  use 
as  antigen  in  polyclonal  antibody  immunizations,  a  fraction  of  the  precipitate  containing 
FEN1  was  further  purified  by  10%  SDS-PAGE.  After  brief  Coomassie  staining,  the 
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FEN1  band  was  excised,  homogenized,  lyophilized,  and  used  as  immunize  rabbits  for 
polyclonal  antibody  production. 

3-5:  Production  and  Screening  of  Antibodies  against  Untagged  FEN1 
3-5.1:  Polyclonal  Antibody  Production 

To  avoid  problems  using  tagged  FEN1  antigen,  a  rabbit  was  immunized  with 
untagged  FEN1  protein  expressed  from  pT7.7-FENl  plasmids  in  E.  coli  BL21  (DE3)  and 
purified  as  described  above  (Section  3-4).  Four  immunizations  using  500  pg  of  protein 
(see  Section  3-4)  were  carried  out  at  bi-weekly  intervals  in  the  Czech  Republic  by  Dr 
Borek  Vojtesek  (see  Methods  &  Materials).  No  test  bleed  was  carried  out  to  prevent 
weakening  any  subsequent  immune  response  due  to  the  test  bleed.  Nine  days  after  the 
fourth  immunization,  the  rabbit  was  bled  out,  serum  was  again  prepared,  and  sent  to  me 
at  the  University  of  Oxford  for  analysis.  Polyclonal  serum  was  tested  for  recognition  of 
purified  untagged  FEN1  protein  (cognate  antigen)  and  endogenous  FEN1  protein  in 
human  HeLa  cell  extracts,  previously  determined  to  contain  substantial  amounts  of 
endogenous  FEN1  protein  (data  not  shown). 

Figure  3-8  showing  test  of  polyclonal  sera  from  untagged  FEN 

The  results  in  Figure  3-8  show  that  anti-human  FEN1  polyclonal  sera  detects  a 
putative  FEN1  band  of  approximately  49  kDa  in  HeLa  cell  extracts,  at  serum  dilutions  of 
either  1:500  (Lane  6)  or  1:1000  (Lane  7).  However,  it  is  extremely  doubtful  that  the  49 
kDa  band  detected  by  anti-human  FEN1  polyclonal  serum  band  is  FEN1  based  on  several 
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observations.  Firstly,  that  same  49  kDa  band  was  not  recognized  by  the  positive  control, 
anti-Xenopus  FEN1  (described  in  Section  3-6)  polyclonal  antibody  (Lane  2).  Secondly, 
although  it  appears  that  a  similar  49  kDa  protein  was  recognized  by  the  other  positive 
control,  anti-peptide  FEN1  polyclonal  antibody  (described  in  Section  3-7)  at  1:1000 
(Lane  4)  and  1:2000  (Lane  5)  serum  dilutions,  the  same  49  kDa  band  was  also  detected 
by  the  anti-peptide  pre-immune  serum  (Lane  3),  and  is  probably  not  FEN1.  Although  it 
is  difficult  to  see  the  49  kDa  band  recognized  by  the  pre-immune  serum  in  Figure  3-8 
(Lane  3),  a  similar  probe  shown  in  Figure  3-11 A  clearly  illustrates  that  proposed  non¬ 
specific  band  in  pre-immune  serum.  Finally,  this  serum  was  also  tested  for  recognition  of 
recombinant  His6-FEN1  and  endogenous  FEN1  protein  in  other  human  cell  lines  (data 
not  shown).  Interestingly,  very  long  exposure  times  of  enhanced  chemiluminescent 
(ECL)  reactions  of  probed  western  blots  did  detect  a  faint  putative  47  kDa  FEN1  band 
(data  not  shown),  suggesting  either  very  low  concentrations  of  antibody  or  extremely 
weak  recognition  of  FEN1  protein.  Further  experiments  in  the  future  are  needed  to 
confirm  the  presence  of  FEN  1 -specific  polyclonal  antibodies  in  this  serum  preparation. 
Additionally,  if  anti-FENl  antibodies  are  present,  affinity  purification  of  FEN  1 -specific 
antibodies  will  be  necessary  to  increase  antibody  concentrations  for  use  in  future 
experiments.  However,  due  to  time  constraints  and  the  availability  of  another  suitable 
FEN1  antibody  (anti-Xenopus  FEN1  polyclonal  antibody.  Section  3-6),  this  was  not 
pursued  further. 


3-5.2:  Monoclonal  Antibody  Production 


In  order  to  raise  antibodies  against  untagged  human  FEN1  protein,  two  Balb/C 
mice  were  immunized  with  untagged  FEN1  protein  partially  purified  during  inclusion 
body  preparations  from  E.  coli  BL21  transformed  with  the  pT7. 7-FEN  1  vector  (section  3- 
4  above).  The  immunizations,  hybridoma  cell  fusions,  selections,  and  initial  screening 
for  IgG  secretion,  and  recognition  of  a  putative  FEN1  band  on  western  blots  of  protein 
used  as  immunogen  were  conducted  in  the  Czech  Republic  by  Dr.  Borek  Vojtesek.  Four 
potential  hybridoma  colonies  that  were  positive  for  IgG  secretion  and  recognition  of  a 
putative  FEN1  band  on  western  blots  of  inclusion  body  preparations  (same  preparation  as 
antigen),  were  sent  to  me  at  the  University  of  Oxford  for  further  analysis.  Figure  3-9A 
shows  recognition  of  a  putative  FEN1  band  on  western  blots  of  recombinant  untagged 
FEN1  protein  preparations  that  were  also  used  as  immunogen  (conducted  by  Dr. 
Vojtesek).  Figures  3-9B  and  3-9C  show  further  tests  I  conducted  of  hybridoma 
supernatants  on  human  HeLa  cell  extracts  and  on  recombinant  His6-FEN1  protein.  All 
four  supernatants  failed  to  recognize  FEN1,  either  recombinant  or  endogenous  protein, 
while  FEN1  protein  was  clearly  recognized  by  the  positive  control,  anti-Xenopus  FEN1 
(J-L.  Li  et  al.,  manuscript  in  preparation).  Attempts  to  increase  antibody  titre  by 
overgrowth  of  hybridoma  cells  or  longer  exposure  times  during  ECL  reactions  also  failed 
to  show  any  antigen  recognition  (data  not  shown). 

Figure  3-9A  and  B  of  monoclonal  antibody  tests  from  pT7.7-FENl. 

It  is  currently  unclear  as  to  why  there  appeared  to  be  such  a  strong  response  by 
all  4  clones  to  a  putative  FEN1  band  on  western  blots  of  FEN1  protein  isolated  from 
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inclusion  bodies  (Figure  3-9 A,  lane  4),  compared  to  protein  extracted  from  SVK17  (Lane 
1)  or  MCF7  (Lanes  2,3)  cells.  Additionally,  there  was  no  recognition  of  FEN  1  protein  in 
HeLa  cell  extracts  (Figure  3-9B,  lanes  1-4)  or  recombinant  His-tagged  FEN1  extracts 
(Figure  3-9C,  lanes  1-4)  that  were  easily  recognized  by  the  positive  control  anti-Xenopus 
FEN1  (Figures  3-9B  and  3-9C,  Lane  5).  It  is  quite  possible  that  the  inclusion  body 
preparation  used  as  immunogen  contained  bacterial  proteins  with  molecular  weights 
approximately  the  same  as  FEN1.  As  a  result,  murine  immune  responses  may  have  been 
directed  against  bacterial  antigens  contained  in  the  preparation  and  not  FEN1  protein. 
Alternatively,  because  of  the  apparent  strength  of  the  immune  response  detected  against 
approximately  47  kDa  proteins  in  the  antigen  preparations,  weaker  responses  against 
actual  FEN1  protein  may  have  been  missed  during  subsequent  screening  and  testing. 

3-6:  A  Polyclonal  Antibody  raised  against  Xerw^us  FEN1  Cross-Reacts  with  Human 
FEN1  Protein 

Recently,  Xenopus  FEN1  was  cloned  in  our  laboratory  (J-L  Li  et  al.,  manuscript 
in  preparation)  and  polyclonal  antibodies  to  denatured  FEN1  protein  isolated  from 
polyacrylamide  gels  were  raised  in  collaboration  with  Dr.  Vojtesek  in  the  Czech 
Republic.  I  conducted  several  tests  to  check  for  cross-reactivity  of  these  anti-Xenopus 
FEN1  antibodies  with  recombinant  and  endogenous  human  FEN1  protein. 

Figure  3-10  of  Anti-Xenopus  FEN1  cross-reactivity  tests. 
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Figure  3-10A  shows  that  anti-Xenopus  FEN1  polyclonal  serum  recognizes  a 
putative  47  kDa  FEN1  band  (Figure  3-10A,  lane  2)  in  human  MRC5-SV  protein  extracts, 
that  the  pre-immune  serum  (lane  1)  does  not  recognize.  Additionally,  Figure  3-1  OB 
shows  that  this  antibody  also  detects  a  similar  47  kDa  band  in  recombinant  His6-FEN1 
lysate  after  partial  purification  on  Ni2+-agarose  (lane  3),  and  following  electroelution 
(lane  4)  of  His6-FEN1  protein.  This  47  kDa  band  is  the  same  size  as  that  detected  in 
MRC5-SV  cell  extracts  by  the  positive  control  antibody,  3220.  These  findings  suggest 
recognition  of  human  FEN1  protein  by  anti-Xenopus  FEN1  polyclonal  antibodies. 
However,  attempts  to  immunoprecipitate  soluble  human  FEN1  protein  from  whole  cell 
protein  extracts,  or  detect  endogenous  FEN1  protein  during  immunofluorescence 
microscopy,  using  the  anti-Xenopus  FEN1  antibody  have  been  unsuccessful  (data  not 
shown),  suggesting  possible  recognition  only  of  epitopes  exposed  on  denatured  protein. 

3-7:  Design  and  Testing  of  an  Anti-Peptide  FEN1  Polyclonal  Antibody 

In  further  attempts  to  generate  an  antibody  against  human  FEN1  that  may  be 
useful  in  various  immunological  detection  applications,  a  domain  of  the  human  FEN1 
protein  was  selected  based  on  homologous  protein  crystal  structures  (Mueser  et  al.,  1996; 
Ceska  et  al.,  1996),  hydrophobicity  plots,  and  known  catalytic  (Harrington  and  Lieber, 
1994)  and  interactive  domains  (Warbrick  et  al.,  1997)  by  Dr  Lynne  Cox  (University  of 
Oxford,  UK).  A  peptide  of  this  region  was  used  as  immunogen  in  the  commercial 
production  of  monospecific,  polyclonal  antibodies  (Genosys,  UK).  The  amino  acid 
sequence  of  the  synthetic  peptide  is  C-K-R-K-E-P-E-P-K-G-S-T-K-K-K-A-K  (N-  to  C- 
terminus),  representing  amino  acids  353-369  of  human  FEN1  protein.  The  amino  acid, 
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alanine,  at  amino  acid  position  353  (N-terminus  of  the  synthetic  peptide)  of  the  human 
FEN1  protein  sequence  was  substituted  with  the  amino  acid  cysteine  to  facilitate  binding 
to  the  carrier  molecule,  Keyhole  Limpet  Hemocyanin;  previously  shown  to  increase  the 
antigenicity  and  stability  of  peptides  used  as  immunogen  (Harlow  and  Lane,  1993). 

The  anti-peptide  serum  was  tested  first  for  recognition  of  endogenous  FEN1 
protein  in  human  cell  lysates.  MRC5-SV  extracts  were  separated  on  SDS-PAGE, 
transferred  to  nitrocellulose,  and  probed  with  the  anti-peptide  serum  (Figure  3-11  A,  Lane 
3),  pre-immune  serum  (Figure  3-11  A,  Lane  2),  and  the  positive  control  anti-Xenopus 
FEN1  (Figure  3-1 1A,  Lane  1)  polyclonal  antibody.  The  results  show  that  anti-peptide 
FEN1  polyclonal  serum  detects  a  putative  FEN1  band  (lane  3)  in  MRC5-SV  protein 
extracts  that  was  also  recognized  by  the  positive  control  anti-Xenopus  FEN1  (lane  1),  but 
not  detected  with  pre-immune  serum  (lane  2).  The  anti-peptide  serum  was  next  tested  for 
recognition  of  both  endogenous  and  recombinant  FEN1  protein.  Protein  extracted  from 
MRC5-SV  cells  (Figure  3-1  IB,  Lanes  1,4,7,10),  E.  coli  BL21  (DE3)  transformed  with 
pT7. 7-FEN  1  plasmids  (Figure  3-1  IB,  Lanes  2,5,8,11)  and  induced  with  IPTG,  or  E.  coli 
BL21  (DE3)  transformed  with  pT7.7-only  plasmids  (Figure  3-1  IB,  Lanes  3,6,9)  and 
induced  with  IPTG  were  separated  by  SDS-PAGE  and  transferred  to  nitrocellulose.  The 
membrane  was  then  probed  with  anti-peptide  FEN1  serum  diluted  to  1:1000  (Lanes  1-3) 
or  1:2000  (Lanes  7-9),  anti-peptide  FEN1  serum  that  was  pre-incubated  with  the 
synthetic  peptide  used  as  antigen  (Lanes  4-6),  and  the  positive  control  anti-Xenopus 
FEN1  (Lanes  10-11)  polyclonal  antibody.  The  results  show  that  a  putative  FEN1  band 
was  again  recognized  by  anti-peptide  FEN1  antibody  in  MRC5-SV  protein  extracts 
(Lanes  1,  7),  at  serum  dilutions  of  1:1000  and  1:2000,  respectively.  This  band  was  the 
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same  size  as  that  detected  by  the  positive  control,  anti-Xenopus  FEN1  polyclonal 
antibody  (Lane  10).  Anti-peptide  FEN1  antibody  also  recognized  a  putative  FEN1  band, 
resulting  from  induced  expression  of  the  pT7.7-FENl  vector  in  BL21  E.  coli  bacteria 
(lanes  2,  8),  that  was  similarly  recognized  by  the  positive  control,  anti-Xenopus  FEN1 
(lane  1 1)  polyclonal  antibody.  Additionally,  Figure  3-1  IB  shows  that  anti-peptide  FEN1 
antibody  does  not  detect  a  putative  FEN1  band  (lanes  3,  9)  in  the  negative  control,  E.  coli 
BL21  (DE3)  transformed  with  pT7.7  vector,  without  insert,  induced  with  IPTG.  Lastly, 
Figure  3-11 A  shows  that  when  the  anti-peptide  FEN1  serum  is  pre-incubated  with  the 
synthetic  peptide  used  as  antigen,  recognition  of  a  putative  FEN1  band  in  MRC5-SV 
lysates  (lane  4)  or  recombinant  FEN1  protein  in  bacteria  (lane  5)  is  greatly  diminished. 
These  results  demonstrate  that  the  anti-peptide  FEN1  antibody  specifically  recognizes 
endogenous  and  recombinant  human  FEN1  protein,  and  that  the  epitope  of  this 
polyclonal  antibody  is  the  peptide  region  of  human  FEN1  against  which  the  antibody  was 
raised. 

Figure  3-11 A  and  B  showing  anti-peptide  FEN1  tests  on  western  blots. 

It  should  be  noted  that  attempts  at  reducing  background  during  ECL  detection  and 
increasing  antibody  titres  by  purifying  anti-peptide  FEN1  serum  on  Protein  G  Sepharose 
beads  (see  Methods  &  Materials)  were  unsuccessful  (data  not  shown).  Additionally, 
attempts  to  immunoprecipitate  soluble  human  FEN1  protein  from  HeLa  cell  extracts,  and 
detect  endogenous  human  FEN1  protein  during  immunofluorescence  microscopy  using 
the  anti-peptide  FEN1  antibody,  have  been  unsuccessful  (data  not  shown).  This  suggests 
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that  anti-peptide  FEN1  antibodies  may  only  recognize  human  FEN1  protein  epitopes 
exposed  on  denatured  protein. 

3-8:  Sub-cellular  Localization  of  Recombinant  GFP-FEN1  Protein  in  HeLa  Cells 

One  of  the  aims  of  this  thesis  is  to  determine  the  spatial  distribution  and  sub- 
cellular  localization  of  human  FEN1  protein.  Because  I  was  unable  to  produce  or  obtain 
FEN1  antibodies  suitable  to  study  the  spatial  expression  of  human  FEN1  protein,  I  next 
attempted  to  transiently  transfect  human  HeLa  cells  with  a  DNA  vector  containing  the 
Green  Fluorescent  Protein  (GFP)  gene,  5'-  to,  and  in  frame  with  the  entire  ORF  of  the 
human  FEN1  gene.  It  was  thought  that  transient  expression  of  recombinant  GFP-FEN1 
protein  in  asynchronous  cell  populations  may  provide  insight  into  the  spatial  expression 
and  sub-cellular  localization  of  human  FEN1  protein. 

The  GFP-FEN1  plasmid  was  constructed  as  described  in  the  Methods  chapter. 
Briefly,  a  Bglll-Hindlll  fragment  encoding  the  entire  human  FEN1  ORF  was  ligated  into 
similarly  digested  pEGFP-Cl  plasmids,  containing  the  GFP  cDNA  sequence.  pEGFP- 
C1-FEN1  plasmid  constructs  were  transformed  into  E.  coli  DH5a  and  bacteria  colonies 
were  screened  by  diagnostic  restriction  enzyme  digestion  to  verify  the  presence  of  the 
human  FEN1  DNA  insert  (data  not  shown).  Plasmid  DNA,  from  colonies  testing  positive 
for  release  of  the  correct  size  FEN1  DNA  insert  (approximately  1.2  kb),  were  amplified 
and  plasmid  DNA  purified.  Additionally,  plasmid  DNA  containing  either  GFP  alone  or  a 
GFP-FEN1  mutant  construct  with  a  69  bp  in-frame  deletion  near  the  FEN1  C-terminus, 
therefore  lacking  amino  acids  225-247,  were  also  amplified  and  purified.  The  GFP- 
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FEN1  plasmid  DNA  sequence  was  subsequently  verified  by  sequencing  prior  to 
transfections. 

Asynchronous  HeLa  cell  populations  were  transfected  with  either  GFP  plasmid 
DNA  alone  (GFP),  mutant  GFP-FEN1  plasmids  containing  a  69  base  pair  deletion  in  the 
FEN1  cDNA  (GFP-AFEN1),  or  GFP-FEN1  plasmids  containing  the  full-length  human 
FEN1  cDNA  (GFP-wtFENl).  Sterile  13  mm  coverslips  were  seeded  with  3  X  104 
asynchronous  HeLa  cells,  which  were  allowed  to  adhere  and  proliferate  for  24  hours. 
Cells  were  transfected  with  3  pg  DOSPER  cationic  lipofectamine  reagents  (Boehringer 
Mannheim)  containing  either  0.5  pg  GFP,  GFP-AFEN1,  or  GFP-wtFENl  plasmid  DNA. 
Control  cells  were  treated  with  DOSPER  only,  without  plasmid  DNA.  Following  a  6 
hour  incubation  with  transfection  reagents  containing  various  GFP-plasmid  DNA 
constructs,  cells  were  washed  in  PBS  and  fresh  media  was  added,  prior  to  a  further  18 
hour  incubation  to  allow  GFP  protein  expression.  Following  the  18  hour  incubation, 
HeLa  cells  on  coverslips  were  washed  then  fixed  in  situ  with  either  3%  paraformaldehyde 
or  ice-cold  methanol-acetone  (50:50)  and  nuclei  were  stained  with  0.25  pg/ml  Hoescht 
33258.  Coverslips  were  then  mounted  on  glass  slides  and  viewed  with  a  Zeiss  Axioskop 
2  fluorescence  microscope  (see  Methods  &  Materials). 

Figure  3-12  showing  GFP/GFP-FEN1  fluorescence  microscopy 

Figure  3-12 A  shows  the  nuclei  in  HeLa  cells  transiently  transfected  with  GFP, 
fixed  with  3%  paraformaldehyde,  and  stained  with  Hoescht  33258.  Analysis  of  those 
same  cells  (Figure  3-12B)  viewed  with  an  FITC  filter  to  show  GFP  fluorescence,  shows 
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that  GFP-transfected  cells  exhibit  predominantly  cytoplasmic  localization  of  GFP  protein. 
This  result  is  similar  to  that  reported  previously  in  HeLa  cells  transfected  with  GFP  alone 
(Inouge  and  Tsuji,  1994;  Pines,  1995).  In  contrast,  HeLa  cells  transiently  transfected 
with  either  GFP-AFEN1  (Figure  3-12D)  or  GFP-wtFENl  (Figure  3-12F)  exhibited 
predominantly  nuclear  localization  of  recombinant  GFP-FEN1  protein.  The  same  nuclei 
stained  with  Hoescht  33258  are  shown  in  Figures  3-12C  and  3-12E,  respectively.  This 
result  strongly  suggests  that  human  FEN1  protein  is  localized  to  the  nucleus,  as  suggested 
by  its  putative  nuclear  localization  signal  (Murray  et  al.,  1994)  and  its  proposed  role  in 
DNA  replication  (Ishimi  et  al.,  1988;  Goulian  et  al.,  1990;  Turchi  and  Bambara,  1993; 
Waga  et  al.,  1994)  and  other  forms  of  DNA  metabolism  (Matsumoto  et  al.,  1994;  Frosina 
et  al.,  1996;  Klungland  and  Lindahl,  1997). 

Figure  3-13  showing  GFP-FEN1  and  PCNA  staining 

Because  FEN  1 -PCNA  protein  interactions  have  been  implicated  in  Okazaki 
fragment  processing  during  DNA  replication  (Li  et  al.,  1995;  Chen  et  al.,  1996;  Warbrick 
et  al.,  1997),  I  next  wanted  to  examine  if  there  are  similar  localization  patterns  of  FEN1 
and  PCNA  protein  in  asynchronous  HeLa  cell  populations.  To  address  this  question, 
HeLa  cells  were  treated  as  described  above,  except  coverslips  were  fixed  with  methanol- 
acetone  only  and  cells  were  also  stained  with  the  anti-PCNA  monoclonal  antibody  PC  10 
(see  Methods  &  Materials),  prior  to  DNA  staining  with  Hoescht  33258.  The  organic 
solvent,  methanol-acetone,  was  used  because  previous  studies  (Celis  and  Celis,  1985; 
Bravo  and  MacDonald-Bravo,  1987)  had  demonstrated  that  PCNA  protein  exhibits  an  S 
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phase-specific  punctate  staining  pattern  in  cells  fixed  with  organic  solvents  like  methanol. 
As  can  be  seen  in  Figure  3-13B,  many  cells  exhibited  nuclear  PCNA  staining  (compare  to 
Hoescht  staining  in  Figure  3-1 3 A).  It  is  highly  probable  that  those  cells  staining 
positively  with  PC  10  represent  the  fraction  of  the  HeLa  cell  population  undergoing  DNA 
replication  in  S  phase  of  the  cell  cycle  (Madsen  and  Celis,  1985;  Bravo  and  MacDonald- 
Bravo,  1985,  1987;  Hozak  et  al.,  1993).  Interestingly,  although  GFP-FEN1  protein 
expression  was  detected  in  those  nuclei  where  PCNA  staining  was  evident  (presumptive 
S  phase  cells),  GFP-FEN1  protein  was  also  detected  in  nuclei  where  no  PCNA  staining 
was  detected  (Figure  3-13C).  This  result  suggests  that,  unlike  PCNA,  a  significant 
proportion  of  FEN1  protein  remains  in  the  nucleus  in  non-S  phase  cells. 

3-9:  Discussion 

One  of  the  primary  aims  of  this  project  is  to  examine  FEN1  protein  expression  in 
vivo,  and  determine  its  sub-cellular  localization  during  the  cell  cycle  and  in  response  to 
DNA  damage.  To  effectively  determine  FENl’s  temporal  and  spatial  expression, 
antibodies  to  human  FEN1  protein  were  deemed  essential.  Consequently,  significant 
time  and  effort  were  expended  in  tying  to  produce  high-affinity  antibodies  to  human 
FEN1,  as  well  as  develop  alternative  methods  of  examining  FEN1  spatial  expression  in 
vivo.  During  this  work  I  have  extensively  tested  and  verified  that  novel  polyclonal 
antibodies  to  FEN1  protein  (anti-Xenopus  FEN1  and  anti-peptide  FEN1)  recognize 
endogenous  and  recombinant  denatured  human  FEN1  protein  on  western  blots. 
Additionally,  HeLa  cell  transfections  with  GFP-FEN1  cDNA  constructs  strongly  suggest 
that  human  FEN1  protein  is  localized  in  the  nucleus  in  cells  throughout  the  cell  cycle. 
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Although  not  entirely  necessary  for  monoclonal  antibody  production,  highly 
purified  antigen  was  desired  for  the  production  of  polyclonal  antibodies.  It  was  thought 
that  this  would  minimize,  or  possibly  eliminate  the  need  for  subsequent  affinity 
purification  steps  that  would  probably  be  necessary  following  immunizations  with  less 
pure  protein  preparations.  The  pET21d-FENl  plasmid  construct,  despite  resulting  in  the 
deletion  of  the  four  C-terminal  amino  acids  from  full-length  human  FEN1  protein,  was 
initially  chosen  to  produce  recombinant  His6-FEN1  protein  in  order  to  facilitate  the  initial 
protein  purification  steps.  Although  metal-affinity  chromatography  (Ni2+)  resulted  in 
partial  purification  and  significant  enrichment  of  His6-FEN1  protein  in  peak  fractions 
(Figure  3-1),  it  was  still  deemed  to  be  insufficiently  pure  for  use  as  antigen  in  the 
production  of  polyclonal  antibodies.  Consequently,  I  elected  to  perform  gel  filtration  of 
the  purest  Ni2+-column  fractions  to  remove  the  majority  of  higher  and  lower  molecular 
weight  contaminants.  Although  Coomassie  staining  of  gel  filtration  fractions  showed 
relatively  pure  His6-FEN1  protein  in  peak  fractions  (Figure  3-2),  silver  staining  of  similar 
fractions  (Figure  3-3)  revealed  numerous  contaminating  proteins.  Because  purity  of 
antigen  was  essential,  I  decided  to  further  purify  His6-FEN1  protein  by  electroelution  of 
His6-FEN1  bands  carefully  excised  from  SDS-PAGE  gels.  Although  protein  solubility 
was  sacrificed  in  the  process,  antigen  at  greater  than  98%  purity  was  obtained  (Figure  3- 
4). 

Despite  greater  than  98%  purity  of  His6-FEN1  antigen,  no  polyclonal  antibodies 
to  FEN1  protein  were  produced  in  this  effort.  It  is  possible  that  the  primary  immune 
response  was  to  either  the  15  amino  acid  linker  (created  during  sub-cloning)  between  the 
coding  region  and  the  histidine  tag,  or  to  the  histidine  tag,  itself.  The  latter  possibility 
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could  have  easily  been  tested  by  serum  probes  of  western  blots  containing  another  His- 
tagged  protein.  However,  because  an  alternative  His-tagged  protein  was  unavailable 
during  initial  polyclonal  serum  screening,  and  because  an  anti-His  antibody  was  not  the 
aim  here,  that  possibility  was  not  further  investigated.  If  either  the  15  amino  acid  linker 
or  His6  epitopes  were  responsible  for  generating  a  specific  immune  response,  it  is 
possible  that  either  domain  may  share  homology  with  epitopes  of  the  unknown  human 
proteins  in  MRC5-SV  cells  that  were  recognized  by  test  bleed  serum  (Figure  3-5A). 
Additionally,  although  Coomassie  staining  of  SDS  gels  prior  to  electroelution  was 
minimized  to  prevent  excessive  fixation  and  residue  cross-linking,  its  effect  may  have 
contributed  to  either  lack  of  immunogenicity  or  problems  with  antigen  presentation 
during  an  immune  response.  However,  this  is  unlikely  in  that  the  both  anti-Xenopus 
FEN1  (J-L  Li  et  al.,  manuscript  in  preparation)  and  anti-human  FEN1  (Warbrick  et  al., 
1997)  polyclonal  antibodies  were  produced  from  FEN1  protein  contained  in  Coomassie- 
stained  acrylamide  gel  slices.  Other  possibilities  as  to  why  no  polyclonal  antibodies  to 
human  FEN1  were  produced  against  His6-FEN1  antigen  include  that  only  one  rabbit  was 
immunized  during  this  collaboration,  and  that  immunizations  were  given  on  a  bi-weekly 
schedule.  It  is  possible  that  if  more  than  one  rabbit  were  immunized,  or  antigen 
injections  were  separated  by  more  than  14  day  minimum  (Harlow  and  Lane,  1988), 
antibodies  to  FEN1  may  have  been  produced.  However,  many  high-affinity  antibodies 
have  previously  been  produced  using  this  type  of  immunization  schedule  (Borek 
publications).  Finally,  the  rabbit  immunized  may  have  had  a  weakened  immune  response 
due  to  exposure  to  other  antigens  as  the  result  of  disease  or  infection,  but  this  is  unlikey  if 
rabbits  are  kept  under  standard  lab  conditions. 
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Hybridoma  cell  fusions  from  mice  immunized  with  His6-FEN1  exhibited  colony 
formation  in  nearly  50%  of  seeded  culture  wells  (Table  3-1).  Despite  successful 
hybridoma  cell  fusions,  nearly  20%  of  colonies  testing  positive  for  IgG  secretion,  6% 
testing  positive  for  recognition  of  His6-FEN1  antigen  on  dot  blots,  and  supernatants  from 
5  colonies  recognizing  a  putative  FEN1  band  on  western  blots  of  MRC5-SV  cell  extracts 
(Table  3-1);  no  monoclonal  antibodies  to  His6-FEN1  protein  were  produced.  In  addition 
to  the  possibilities  cited  above,  it  is  also  possible  that  clones  recognizing  FEN1  protein 
may  have  been  missed  or  inadvertantly  discarded  during  screening.  The  latter  possibility 
is  highly  improbable  because  during  every  screen  (Figure  3-6),  even  the  weakest  signals 
detected  from  tested  supernatants  were  classified  as  positive  and  subjected  to  further 
tests.  However,  because  only  IgG-secreting  clones  were  selected  for,  it  is  possible  that 
other  immunoglobulin  classes  may  have  been  present  that  recognized  FEN1,  but  were  not 
identified.  Because  of  the  wider  availability  and  variability  of  anti-IgG  secondary 
antibodies  necessary  for  many  immunological  detection  methods,  only  IgG-secreting 
clones  were  desired  and  tested  for.  An  additional  problem  in  hybridoma  clone  detection 
may  have  been  the  result  of  insufficient  antibody  titres  in  hybridoma  culture  supernatants 
used  during  the  screening  process.  Colony  screening  was  performed  before  high  levels  of 
hybridoma  cell  confluency  were  attained  in  an  effort  to  maintain  maximum  cell  viability 
and  minimize  cellular  stresses  posed  by  high  density  cell  culture.  Consequently,  secreted 
IgG  levels  from  clones  recognizing  FEN1  epitopes  may  have  been  insufficient  to  detect 
FEN1  protein  immobilized  on  western  blots.  Lastly,  the  extremely  high  level  of 
homology  (96%)  of  FEN1  protein  between  mouse  and  human  (Lieber,  1997)  may  also 
have  had  an  effect,  although  this  is  highly  unlikely  as  PCNA  is  also  well-conserved  and 
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several  excellent  monoclonal  antibodies  to  PCNA  have  been  produced  (Waseem  and 
Lane,  1990). 

Following  the  initial  unsuccessful  attempt  at  producing  antibodies  to  His-tagged 
human  FEN1  protein,  it  was  decided  to  attempt  to  partially  purify  FEN1  protein  by 
isolating  and  solubilizing  recombinant  untagged  FEN1  protein  present  in  insoluble 
inclusion  bodies  after  induced  expression  in  E.  coli  BL21  (DE3).  Because  similar 
methods  of  purifying  recombinant  human  FEN1,  and  using  homogenized  acrylamide  gel 
slices  as  antigen  had  previously  been  successful  in  producing  polyclonal  antibodies  to 
FEN1  (3220  to  human  FEN1,  Warbrick  et  a!.,  1997;  anti-Xenopus  FEN1,  J-L  Li  et  al., 
manuscript  in  preparation),  it  was  thought  that  there  may  be  some  aspect  of  antigen 
preparation,  and  subsequent  antigen  presentation  inherent  in  this  method  that  may 
improve  FEN1  immunogenicity. 

During  the  purification  process  of  untagged  FEN1,  approximately  9  mg  of 
partially  purified  protein  (Figure  3-7)  was  recovered  following  solubilization  of  inclusion 
bodies,  however,  difficulties  were  encountered  trying  to  renature  the  protein.  Several 
attempts  were  made  to  optimize  conditions  for  renaturation,  as  well  as  the  subsequent 
dialysis  to  remove  excessive  salt  concentrations.  It  is  unclear  as  to  why  partially  purified 
protein  continued  to  precipitate  during  dialysis,  but  it  is  suspected  that  the  majority  of 
protein  remained  denatured  because  optimal  renaturation  conditions  were  not  achieved. 
Rather  than  spending  additional  time  and  effort  trying  to  optimize  renaturation 
conditions,  I  elected  to  lyophilize  the  entire  preparation,  both  soluble  and  precipitated 
protein,  and  use  that  as  immunogen  for  monoclonal  antibody  production.  It  was  thought 
that  the  combination  of  denatured  and  native  recombinant  FEN1  protein  would  serve  as 
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excellent  antigen  by  presenting  a  higher  number  of  epitopes  from  which  to  elicit  an 
immune  response.  A  proportion  of  this  preparation  was  also  separated  by  SDS-PAGE, 
and  the  FEN1  band  carefully  excised  to  remove  the  majority  of  non-specific  protein 
contaminants,  homogenized,  and  used  as  antigen  for  polyclonal  antibody  production 

With  the  exception  of  immunogenic  responses  to  epitope  tags  and  linker 
sequences  in  His6-FEN1,  the  possible  problems  cited  above  also  may  have  contributed  to 
this  unsuccessful  attempt  at  polyclonal  antibody  production  in  rabbits  using  untagged 
FEN1  protein.  Although  the  possibility  exists  that  there  may  have  been  a  very  weak 
response  to  untagged  FEN1,  the  time  required  to  investigate  that  possibility  and  affinity 
purify  anti-FENl  antibody  was  deemed  unsatisfactory  due  to  the  recent  availability  of 
another  suitable  antibody  (anti-Xenopus  FEN1)  to  continue  this  project. 

During  monoclonal  antibody  production  from  mice  immunized  with  untagged 
FEN1,  there  appeared  to  be  a  strong  response  to  a  putative  FEN1  band  with  protein  used 
as  antigen  on  western  blots  (Figure  3-9 A),  but  no  subsequent  recognition  of  FEN1  protein 
in  human  cell  extracts  (Figures  3-9B)  or  other  recombinant  human  FEN1  lysates  (Figure 
3-9C).  It  is  quite  possible  that  the  primary  immune  response,  in  mice  immunized  with 
partially  purified  untagged  FEN1,  was  to  bacterial  proteins  contained  in  the  partially 
purified  preparation,  that  have  a  molecular  weight  similar  to  FEN1 .  However,  because  of 
the  apparant  strength  of  that  possible  non-specific  response,  it  is  also  possible  that  weaker 
signals,  due  to  recognition  of  actual  FEN1  protein  on  western  blots,  may  have  been 
overlooked  during  screening  of  hybridoma  clones  produced  from  mice  immunized  with 
untagged  FEN1. 
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During  the  four  unsuccessful  attempts  at  antibody  production,  a  suitable  antibody 
that  recognized  human  FEN1  protein  on  western  blots  was  produced  (J-L  Li  et  al., 
manuscript  in  preparation).  Extensive  testing  of  anti-Xenopus  FEN1  (Figures  3-10A  & 
B)  polyclonal  antibodies  showed  that  it  recognized  denatured  recombinant  and 
endogenous  human  FEN1  protein  on  western  blots.  In  comparison  with  the 
commercially-produced  anti-peptide  monospecific  polyclonal  antibody,  it  appears  that 
the  anti-Xenopus  FEN1  antibody  provides  a  stronger  detection  signal  during 
immunoprobing  of  western  blots  (Figure  3-1  IB).  In  addition,  the  anti-peptide  FEN1 
serum  also  contains  an  antibody  species  that  detects  a  protein  with  a  molecular  weight 
slightly  higher  than  FEN1.  This  protein  band  was  also  detected  with  pre-immune  serum 
from  the  same  rabbit  prior  to  immunization  with  the  FEN1 -peptide  antigen,  suggesting 
that  the  higher  molecular  weight  band  represents  a  non-specific  protein.  Consequently, 
although  both  anti-peptide  and  anti-Xenopus  FEN1  polyclonal  antibodies  recognize  both 
recombinant  and  endogenous  human  FEN1  protein  on  western  blots,  I  decided  to  use 
anti-Xenopus  FEN1  for  the  remainder  of  my  research  project.  It  should  also  be  noted  that 
both  anti-Xenopus  and  anti-peptide  FEN1  antibodies  were  tested  to  see  if  they  could  be 
used  for  immunofluorescence  microscopy  of  fixed  cells  or  for  immunoprecipitation  of 
soluble  human  FEN1  protein  from  human  cell  lysates.  No  differences  were  noted 
between  either  antibody  and  pre-immune  sera  (data  not  shown).  It  is  possible  that  both 
antibodies  only  recognize  FEN1  protein  in  a  denatured  state.  Because  it  appeared  that 
both  antibodies  were  unsuitable  for  immunoprecipitation  or  immunofluorescence,  and 
unpurified  anti-Xenopus  FEN1  serum  was  found  to  be  suitable  for  ECL  detection  on 
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western  blots,  time  was  not  expended  trying  to  affinity-purify  either  antibody  from 
serum. 

Because  a  major  aim  of  this  project  is  to  examine  the  spatial  expression  and  sub- 
cellular  localization  of  human  FEN1  protein,  and  because  attempts  at  obtaining  or 
producing  antibodies  suitable  for  immunofluorescence  have  been  unsuccessful,  a 
practical  alternative  to  an  immunological-based  method  of  analysis  was  necessary. 
Consequently,  I  elected  to  try  transient  transfections  of  GFP-FEN1  DNA  into  human 
cells  and  examine  the  sub-cellular  localization  of  GFP-FEN1  protein. 

It  appears  that  GFP-FEN1  protein  is  localized  in  the  nucleus,  based  on  the  results 
in  Figures  3-12  E  and  3-12  F.  By  inference,  endogenous  FEN1  protein  in  human  cells 
may  also  be  expressed  as  a  nuclear  protein.  This  result  is  in  agreement  with  FENl's 
putative  role  in  DNA  replication  (Ishimi  et  al.,  1988;  Goulian  et  al.,  1990;  Turchi  and 
Bambara,  1993;  Waga  et  al.,  1994)  and  its  consensus  nuclear  localization  signal  (Murray 
et  al.,  1994).  Additionally,  the  GFP-AFEN1  mutant  also  shows  nuclear  localization 
(Figure  3-12C  &  D).  Since  this  mutant  lacks  a  23  amino  acid  domain  (amino  acids  225- 
247)  near  the  FEN1  C-terminus,  it  is  probable  that  amino  acids  225-247  of  the  FEN1 
protein  sequence  are  not  essential  for  nuclear  localization  of  FEN  1. 

Because  FEN1  protein  has  been  shown  to  interact  with  PCNA  protein  in  vitro  (Li 
et  al.,  1995;  Chen  et  al.,  1996;  Warbrick  et  al.,  1997),  and  is  suspected  to  interact  with 
PCNA  in  an  S  phase-specific  manner  in  vivo  (Warbrick  et  al.,  1997;  Lieber,  1997),  I 
wanted  to  determine  if  spatial  expression  patterns  of  GFP-FEN1  and  PCNA  were  similar. 
It  has  been  demonstrated  that  significant  amounts  of  methanol-insoluble  PCNA  protein 
remain  in  cell  nuclei  in  an  S  phase-specific  manner  (Celis  and  Celis,  1985;  Bravo  and 
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MacDonald-Bravo,  1987).  By  fixing  transfected  cells  in  situ  with  methanol-acetone,  it 
was  thought  that  S  phase  cells  could  be  distinguished  from  non-S  phase  cells,  and  GFP- 
FEN1  and  PCNA  protein  spatial  expression  patterns  could  be  compared  in  cells  in  S 
phase  as  well  as  other  cell  cycle  stages.  After  methanol-acetone  fixation  of  asynchronous 
HeLa  cells,  nuclear  PCNA  staining  could  be  detected  in  only  approximately  50%  of  the 
cells  examined  (data  not  shown).  Although  HeLa  cells  are  highly  proliferative  and  a 
large  percentage  of  cells  in  an  asynchronous  HeLa  cell  population  can  be  found  in  S 
phase  (see  Chapter  4,  Figure  4-1),  this  percentage  appears  to  be  abnormally  high.  This 
may  indicate  nuclear  PCNA  staining  of  non-S  phase  cells,  possibly  caused  by  cross- 
linking  of  soluble  nuclear  PCNA  protein  not  involved  in  DNA  replication.  Despite  this 
result,  it  was  still  observed  that  GFP-FEN1  protein  was  expressed  in  many  nuclei  where 
little  or  no  PCNA  staining  was  detected  (Figures  3-13  C  &  D).  This  suggests  that  FEN1 
protein  may  be  a  nuclear  insoluble  protein  in  non-S  phase,  as  well  as  S  phase  cells. 
Future  experiments  with  stable  expression  of  GFP-FEN1  protein  in  synchronized  cell 
populations  will  be  necessary  to  verify  this  observation. 

To  summarize,  I  now  possess  two  polyclonal  antibodies  (anti-Xenopus  FEN1  and 
anti-peptide  FEN1)  capable  of  detecting  endogenous  and  recombinant  human  FEN1 
protein  on  western  blots.  The  anti-Xenopus  FEN1  antibody  will  be  used  in  future 
experiments  to  examine  FEN1  protein  expression  in  synchronized  and  DNA  damaged 
cell  populations.  I  have  also  shown  that  GFP-FEN1  recombinant  protein  appears  to  be  a 
nuclear  protein  in  HeLa  cells  transiently  transfected  with  GFP-FEN1  cDNA. 
Additionally,  other  results  (Figure  3-13)  also  show  that  this  nuclear  localization  is 
observed  in  methanol-acetone  fixed  cells  where  nuclear  PCNA  staining  is  not  observed. 
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This  suggests  that  some  human  FEN1  protein  may  remain  nuclear-insoluble  in  non-S 
phase  cells. 
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Figure  3-1. 10%  SDS-PAGE  of  column  fractions  eluted  from  a  Ni2+  column  loaded 
with  recombinant  human  His6-FEN1  protein.  30  ml  of  soluble  protein  extracted  from 
a  500  ml  culture  of  E.  coli  BL21  induced  to  express  recombinant  human  His6-FEN1 
protein  were  loaded  on  a  1  ml  Ni2+  column  and  eluted  in  a  stepwise  manner  with 
increasing  concentrations  of  imidazole  (from  100  mM-500  mM)  in  a  phosphate  buffer. 
0.5  ml  fractions  were  collected,  aliquots  from  each  were  diluted  in  4  X  SDS  loading 
buffer,  and  separated  by  10%  SDS-PAGE.  The  predominant  enriched  band  at 
approximately  47  kDa  is  His6-FEN1  protein.  Molecular  weight  marker  sizes  are  shown 
in  the  centre  of  the  figure. 
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Figure  3-2.  10%  SDS-PAGE  of  column  fractions  eluted  from  a  Sephacryl  16/60  gel 
filtration  column.  2  ml  aliquots  of  Ni2+column  purified  His6-FEN1  protein  were  separated 
on  a  Sephacryl  16/60  gel  filtration  column,  collecting  0.5  ml  fractions.  Fractions  were 
collected  during  the  estimated  Ve  (elution  volume)  determined  during  column  calibration 
(only  peak  fractions  are  shown).  Fractions  collected  were  diluted  3.4  in  4  X  SDS  loading 
buffer  and  aliquots  from  each  were  separated  by  10%  SDS-PAGE  and  Coomassie-stained. 
The  His-Trap  500  mM-1  fractions  indicated  show  the  pooled  protein  that  was  loaded  onto 
the  gel  filtration  column.  Marker  sizes  are  indicated  on  the  left. 
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Figure  3-3.  Silver  stained  10%  SDS-PAGE  of  various  gel  filtration 
fractions.  Equal  volumes  from  various  representative  fractions  collected 
during  several  gel  filtration  runs  were  separated  by  10%  SDS-PAGE  and 
silver  stained.  The  first  number  above  each  lane  refers  to  the  gel 
filtration  run  and  the  second  refers  to  the  fraction  number.  The  fractions 
2-3 1  and  2-34  appear  relatively  pure,  but  protein  concentrations  in  these 
fractions  were  very  low  and  undetectable  by  Coomassie-staining.  The 
molecular  weight  marker  sizes  are  indicated  on  the  left. 
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Figure  3-4:  10%  SDS-PAGE  of  electroeluted  His6-FEN1  protein. 

Electroeluted  His6-FEN1  protein  was  separated  on  10%  SDS-PAGE  and 
silver-stained  (lane  4).  Purified  BSA  (USB  Biochemicals)  serves  as  a 
purity  and  concentration  control.  Lane  1:  2  jig  BSA,  Lane  2:  1  pg  BSA, 
Lane  3:  0.5  pg  BSA. 
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Figure  3-5.  Imm  unop  robes  of  western  blots  by  polyclonal  antibody 
serum  from  rabbits  immunized  with  His6-FEN1.  (A)  Western  strip 
blots  from  a  10%  SDS-PAGE  gel  of  human  MRC5-SV  protein  extract 
(200  p.g  total  protein)  that  was  transferred  to  nitrocellulose  and  probed 
with  either  pre-immune  serum  (1:500)  or  serum  (1:500, 1:1000)  from  a 
rabbit  immunized  with  His6-FEN1.  There  appears  to  be  no  immunogenic 
response  to  FEN1  (approximately  47  kDa)  when  comparing  pre-immune 
(on  right)  to  serum  prepared  after  the  third  immunization  (on  left). 

(B,C)  Western  blots  of  a  10%  SDS-PAGE  gel  containing  either 
recombinant  electroeluted  His6-FEN1  (2  &  5  pg)  or  total  protein  (20  pg) 
extracted  from  a  human  mammary  carcinoma  cell  line,  SKBR,  and 
subsequently  probed  with  either  (B)  pre-immune  serum  or  (C)  serum 
prepared  after  the  third  immunization  from  a  rabbit  immunized  with  His6- 
FEN 1  protein.  The  putative  47  kDa  protein  detected  in  SKBR  cells  is 
recognized  by  both  pre-immune  and  post-immune  serum,  and  is  therefore 
probably  not  FEN1.  Molecular  weight  marker  sizes  are  indicated. 


98 


Figure  3-6.  Testing  of  various  hybridoma  supernatants  for  recognition  of 
human  FEN1  protein.  (A)  Representative  dot  blot  with  rabbit  anti-mouse  IgG 
immobilized  on  nitrocellulose  and  probed  with  various  supernatants  from 
hybridoma  colonies  derived  from  mice  immunized  with  His6-FEN1  protein. 
Following  the  primary  antibody,  membranes  were  probed  with  HRP-conjugated 
anti-mouse  IgG  (diluted  to  1: 1000)  and  subjected  to  colorimetric  reactions  to  detect 
IgG-secreting  colonies.  The  positive  control  for  IgG  secretion  is  at  position  H-12. 
(B)  Representative  dot  blot  with  recombinant  purified  His6-FEN1  protein  (used  as 
antigen)  immobilized  on  nitrocellulose  and  probed  with  hybridoma  supernatants 
from  colonies  testing  positive  for  IgG  secretion.  Following  probing  with  the 
secondary  antibody,  HRP-conjugated  anti-mouse  IgG  (diluted  to  1 : 1000),  blots 
were  subjected  to  ECL  detection.  (C)  Representative  western  strip  blots  of  100  pg 
soluble  protein  from  human  MRC5-SV  cells  probed  with  hybridoma  supernatants 
that  secreted  IgG  and  recognized  His6-FEN1  antigen  on  dot  blot  analysis.  Any 
hybridoma  supemnatant  that  recognized  a  putative  46-47  kDa  protein  here  was 
finally  tested  for  recognition  of  His6-FEN1  antigen  or  FEN1  in  western  blots  of 
primary  human  MRC5  cell  lysates.  (D).  Western  blot  of  MRC5  cell  lysate  and 
purified  recombinant  His6-FEN1  protein  that  was  probed  with  hybridoma 
supernatant  from  clone  2  in  (C).  Supernatants  from  other  clones  (5, 6,  9)  that 
recognized  a  putative  46-47  kDa  band  in  (C)  were  also  tested  similarly,  but  no 
clones  were  identified  that  were  positive  for  all  tests  of  human  FEN1  protein 
recognition. 
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on  western  blots  (F).  No  supernatants  tested  positive  for  recognition  of  His6-FEN1  protein  on  western  blots. 


Figure  3-7. 10%  SDS-PAGE  of  partially  purified  recombinant  human 
FEN1  protein.  Untagged  pT7.7-FENl  plasmids  were  transformed  into  E. 
coli  BL21  and  protein  expression  induced  with  IPTG.  Inclusion  bodies  were 
isolated  and  solubilized,  with  9  mg  of  untagged  FEN1  protein  extracted  from 
a  500  ml  culture  volume.  Protein  from  solubilized  inclusion  bodies  was 
separated  by  10%  SDS-PAGE  and  Coomassie- stained.  BSA  serves  as  a 
concentration  and  purity  control.  Lane  1:  0.5  pg  BSA,  Lane  2:  lpg  BSA, 
Lane  3:  2  pg  BSA,  Lane  4:  molecular  weight  markers,  Lane  5:  2.5  pi  aliquot 
of  untagged  human  FEN1  extracted  from  partially  purified  inclusion  bodies, 
Lane  6:  lysate  from  E.  coli  BL21  transformed  with  pT7.7  plasmid  without 
insert,  induced  with  IPTG,  Lane  7:  total  protein  extracted  from  E.  coli  BL21 
transformed  with  pT7.7-FENl  and  induced  with  IPTG.  Molecular  weight 
marker  sizes  are  indicated  on  the  right. 
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Figure  3-8.  Test  for  recognition  of  human  FEN1  by  western  blots  of 
HeLa  cell  extracts  using  polyclonal  antibody  serum  from  rabbits 
immunized  with  recombinant  human  FEN1  protein.  Western  strip  blots  of 
HeLa  cell  lysates  were  probed  with  various  antibodies  derived  from  rabbits 
immunized  with  FEN1  protein.  Lane  1:  anti-Xenopus  FEN1  pre-immune 
serum  (1:500),  Lane  2:  anti-Xenopus  FEN1  (J-L  Li  et  al.,  manuscript 
submitted)  (1:1000),  Lane  3:  anti-peptide  FEN1  pre-immune  serum  (1:500), 
Lane  4,5:  anti-peptide  FEN1  (1:500, 1:1000),  Lane  6,7:  polyclonal  sera  from 
rabbit  immunized  with  untagged  FEN1  (1:500,  1:1000,  respectively). 
Following  the  primary  antibody  ,  membranes  were  probed  with  HRP- 
conjugated  anti-rabbit  IgG  (diluted  1 : 1000)  and  subjected  to  ECL  detection. 
Although  not  clear  in  this  figure,  the  upper  band  at  approximately  49  kDa  in 
Lanes  4,5  (marked  ‘X’)  is  also  recognized  by  the  anti-peptide  FEN1  pre- 
immune  serum  and  is  probably  not  FEN  1 . 
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Figure  3-9.  Tests  of  hybridoma  supernatants  derived  from  mice  immunized 
with  recombinant  untagged  human  FEN1  protein.  (A)  Western  blots  of  protein 
lysates  from  2  different  human  cancer  cell  lines  (Lanes  1,5,9,13:  SVK17,  Lanes 
2,3,6,7,10,1 1,14,15:  MCF7)  and  recombinant  untagged  human  FEN1  protein  (Lanes 
4,8,12,16)  (same  as  antigen)  that  were  probed  with  4  different  hybridoma 
supernatants  (Clones  1-1, 1-2, 2-1, 2-2)  during  screening  for  FEN1  recognition.  (B) 
and  (C)  Those  same  hybridoma  supernatants  were  used  to  probe  western  blots  with 
either  HeLa  protein  (B)  or  partially  purified  His6-FEN1  protein  (C).  Compared  to  the 
positive  control  (anti-Xenopus  FEN1),  no  recognition  of  either  endogenous  or 
recombinant  FEN1  was  detected  using  any  of  the  4  hybridoma  colony  supernatants, 
1-1.  1-2, 2-1. 2-2. 
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Figure  3-10.  Test  for  recognition  of  human  FEN1  protein  by  anti-Xenopus 
FEN1  polyclonal  antibody.  (A)  Western  blot  containing  100  pg  MRC5-SV 
protein  was  cut  into  strips  and  probed  with  either  pre-immune  serum  (1:500)  or 
serum  (1 : 1000)  from  a  rabbit  immunized  with  GST-tagged  Xenopus  FEN1 
protein.  (B)  Western  blot  of  various  cell  lysates  probed  with  anti-Xenopus  FEN1 
polyclonal  serum  (1:1000).  Lane  1:  human  MRC5-SV,  Lane  2:  blank,  Lane  3: 
His6-FEN1  (partially  purified  on  a  Ni2+-agarose  column).  Lane  4:  electroeluted 
purified  His6-FEN1  protein.  Lane  5:  lysate  from  E.  coli  BL21  (DE3)  transformed 
with  pET21d  vector  only  and  induced  with  IPTG  (negative  control),  Lane  6: 
human  MRC5-SV  lysate  probed  with  the  positive  control,  polyclonal  antibody 
3220  (Warbrick  et  a!.,  1997).  These  examples  clearly  show  that  anti-Xenopus 
FEN1  recognizes  both  endogenous  and  recombinant  human  FEN1  protein. 
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antigen 


Figure  3-11.  Testing  for  recognition  of  recombinant  and  endogenous  human 
FEN1  protein  by  anti-peptide  FEN1  polyclonal  antibodies.  (A)  Western  strip  blots 
of  human  MRC5-SV  lysate  separated  by  10%  SDS-PAGE,  transferred  to 
nitrocellulose,  and  probed  with  (Lane  1)  positive  control  anti-Xenopus  (1:1000) 

FEN1,  (Lane  2)  pre-immune  serum  (diluted  to  1:500),  or  (Lane  3)  test  bleed  serum 
(diluted  to  1 : 1000)  from  a  rabbit  immunized  with  a  synthetic  peptide  antigen 
comprising  a  C-terminal  region  of  human  FEN1.  (B)  Four  identical  western  blots  of 
various  protein  lysates  (Lanes  1,4,7,10:  human  MRC5-SV  lysate,  Lanes  2, 5, 8,1 1: 
lysate  from  E.  coli  BL21  transformed  with  pT7.7-FENland  induced  with  IPTG,  Lanes 
3,6,9:  lysate  from  E.  coli  BL21  transformed  with  pT7.7  vector  only  and  induced  with 
IPTG)  that  were  probed  with  either  anti-peptide  FEN1,  anti-peptide  FEN1  pre- 
incubated  with  the  cognate  FEN1  peptide  used  as  antigen,  or  anti-Xenopus  FEN1 
(positive  control).  These  results  show  that  anti-peptide  FEN1  polyclonal  antibody 
recognizes  recombinant  and  endogenous  human  FEN1  from  MRC5-SV  cells,  and  that 
recognition  is  specific  for  the  peptide  sequence  used  as  antigen. 
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Figure  3-12.  Fluorescence  microscopy  of  GFP,  GFP-AFEN1,  and  GFP-wt  FEN1 
transfected  HeLa  cells.  Asynchronous  HeLa  cells  growing  on  glass  coverslips  were 
transiently  transfected  with  0.5  pg  of  purified  plasmid  DNA  mixed  with  3  pg  of  DOSPER 
cationic  lipofectamine  in  DMEM.  Following  an  18  hour  incubation  to  allow  expression  of 
the  various  GFP  constructs  from  the  CMV  promoter,  cells  were  fixed  in  situ  with  3% 
paraformaldehyde  and  stained  with  the  DNA  stain  Hoescht  33258  at  0.25  pg/ml  in  PBS. 
Coverslips  were  mounted  on  glass  slides  and  viewed  with  a  Zeiss  Axioskop  2  fluorescence 
microscope.  (A)  Hoescht  nuclear  DNA  staining  of  cells  transfected  with  GFP-only  plasmid 
cDNA,  and  (B)  those  same  nuclei  viewed  with  the  FITC  (green)  filter  showing  GFP  protein. 
(C)  DNA  and  (D)  GFP-AFEN1  protein  in  cells  transfected  with  GFP-AFEN1  plasmid  cDNA; 
(E)  DNA  and  (F)  GFP-wt  FEN1  protein  in  cells  transfected  with  GFP-wt  FEN]  plasmid 
cDNA.  Although  GFP  protein  is  found  throughout  the  cell,  both  mutant  (GFP-  AFEN1)  and 
wild-type  (GFP-wt  FEN1)  GFP-FEN1  proteins  appear  to  be  localized  to  the  nucleus. 
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filter,  and  (C)  PCNA  protein  detected  by  PC  10,  viewed  with  the  TRITC  (red)  filter.  The  results  show  that  GFP-wt  FEN1 
protein  is  localized  to  the  nucleus  and  can  be  seen  in  cell  nuclei  where  PCNA  protein  was  present  and  in  nuclei  where  no 
PCNA  was  detected. 
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CHAPTER  FOUR:  ANALYSIS  OF  HUMAN  FEN1 
mRN A/PROTEIN  EXPRESSION  AND  PROTEIN 
SOLUBILITY  PATTERNS  DURING  THE  CELL 
CYCLE 

4-1;  Introduction 

A  role  for  FEN1  protein  during  DNA  replication  in  vitro  has  been  demonstrated 
by  several  laboratories  using  purified  proteins  (Goulian  et  al.,  1990;  Turchi  and  Bambara, 
1993)  and  SV40  cell-free  extracts  (Ishimi  et  al.,  1988).  SV40  DNA  replication  in  cell- 
free  extracts  (Li  and  Kelly,  1984,  1985;  Stillman  and  Gluzman,  1985;  Wobbe  et  al., 
1985)  has  served  to  identify  cellular  proteins  required  for  DNA  replication  from  the 
SV40  origin  of  replication.  It  is  thought  that  these  same  proteins,  identified  in  the  SV40 
system,  also  function  during  nuclear  DNA  replication  in  non-SV40-infected  mammalian 
cells  (Waga  et  al.,  1994).  When  complete  reconstitution  of  SV40  DNA  replication  and 
production  of  form  I  DNA  was  finally  accomplished,  FEN1  was  found  to  be  an  essential 
protein  in  the  process  (Waga  et  al.,  1994).  Because  the  SV40  system  only  serves  as  a 
model  for  the  mechanisms  of  mammalian  DNA  replication,  a  detailed  analysis  of  human 
FEN1  in  non-SV40-infected  cells  is  necessary  to  verify  its  putative  role  in  human  nuclear 
DNA  replication. 

Several  proteins  essential  for  DNA  replication,  identified  by  SV40  studies  and 
other  DNA  replication  assays,  show  increased  mRNA  and  protein  expression  as  cells 
progress  from  early  Gi  through  S  phase  of  the  cell  cycle.  Increased  mRNA  and  protein 
expression  during  cell  cycle  progression  from  early  Gi  towards  S  phase  has  been 
demonstrated  for  DNA  polymerase  a  (Thommes  et  al.,  1986),  thymidine  kinase 
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(Schlosser  et  al.,  1981),  topoisomerase  I  (Tricoli  et  al.,  1985),  PCNA  (Almendral  et  al., 
1987;  Matsumoto  et  al.,  1987;  Morris  and  Mathews,  1989),  and  other  genes/gene 
products  involved  either  directly  or  indirectly  to  nuclear  DNA  synthesis.  If  FEN1  is 
required  for  nuclear  DNA  synthesis,  it  is  possible  that  its  mRNA  and  protein  expression 
levels  may  also  be  regulated  in  a  cell  cycle-dependent  manner. 

In  addition  to  cell  cycle-dependent  mRNA  and  protein  expression,  some  proteins 
required  for  nuclear  DNA  synthesis  also  exhibit  cell  cycle-dependent  changes  in  protein 
solubility  and  sub-cellular  localization.  DNA  ligase  I  (Montecucco  et  al.,  1995),  DNA 
polymerase  a  (Hozak  et  al.,  1993),  RP-A  (Cardoso  et  al.,  1993),  and  PCNA  (Madsen  and 
Celis,  1985;  Bravo  and  MacDonald-Bravo,  1985,  1987;  Hozak  et  al.,  1993)  are  some  of 
the  replication  proteins  that  have  been  shown  to  localize  to  discrete  sites  of  DNA 
replication  (replication  foci)  during  S  phase  of  the  cell  cycle.  In  addition,  PCNA 
localization  to  replication  foci  during  S  phase  (Celis  and  Celis,  1985;  Bravo  and 
MacDonald-Bravo,  1987;  Hozak  et  al.,  1993)  directly  correlates  to  its  cell  cycle- 
dependent  decrease  in  protein  solubility  (Bravo  and  MacDonald-Bravo,  1987).  Because 
FEN1  has  been  shown  to  interact  with  PCNA  in  vitro  (Li  et  al.,  1995;  Chen  et  al.,  1996) 
and  is  suspected  to  interact  with  PCNA  in  an  S  phase-specific  manner  in  vivo  (Warbrick 
et  al.,  1997;  Lieber,  1997),  it  is  possible  that  FEN1  protein  may  also  exhibit  solubility 
changes  in  a  cell  cycle-dependent  manner,  similar  to  PCNA. 

To  determine  if  human  FEN1  mRNA  and  protein  levels  and  protein  solubility 
change  in  a  cell  cycle-dependent  manner,  primary  and  transformed  human  cell 
populations  were  synchronized  by  blocking  cell  cycle  progression  at  various  stages  of  the 
cell  cycle.  Cell  populations  were  then  released  from  their  cell  cycle  block,  and  harvested 
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over  the  cell  cycle.  FACS,  mRNA,  and  protein  analysis  of  harvested  cell  populations 
was  then  carried  out  to  analyze  human  FEN1  mRNA/protein  expression  and  protein 
solubility  patterns  during  the  cell  cycle. 

4-2:  Results 

4-2.1:  Cell  Synchronizations  during  the  Cell  Cycle 

Because  of  FENl’s  putative  role  in  DNA  replication  (Ishimi  et  al.,  1988; 
Goulian  et  al.,  1990;  Turchi  and  Bambara,  1993;  Waga  et  al.,  1994),  it  is  important  to 
study  synchronous  cell  populations  through  Gi  and  S  phases  of  the  cell  cycle  to  evaluate 
possible  cell  cycle-dependent  changes  in  expression  of  FEN1  mRNA  and  protein  and 
analyze  FEN1  protein  solubility  patterns. 

Several  cell  lines  and  methods  of  synchronization  were  initially  used  during  this 
work  in  an  effort  to  obtain  cell  populations  capable  of  synchronous  re-entry  and  passage 
through  the  cell  cycle.  The  following  briefly  describes  the  different  cell  lines  and 
synchronization  methods  attempted:  serum  starvation  and  contact  inhibition  of  non- 
transformed  lines  (murine  3T3,  hamster  BHK,  human  keratinocyte  NCTC  2544);  use  of 
cell  cycle  progression-inhibiting  drugs  including  aphidicolin,  hydroxyurea,  excess 
thymidine,  mevastatin,  and  nocodazole  at  varying  concentrations,  times,  and 
combinations  on  immortalized  and  transformed  cell  lines  (SV40-transformed  MRC5, 
HeLa);  use  of  peripheral  blood  lymphocytes  (PBLs)  isolated  from  whole  blood  and 
stimulated  to  proliferate  with  the  mitogen,  Concanavilin  A  (ConA);  and  the  use  of  a 
temperature-sensitive  murine  mammary  carcinoma  cell  line  (FT210)  that  arrests  in  late 
G2  at  the  restrictive  temperature  of  40°  C  due  to  thermolability  of  Cdkl  (Th'ng  et  al., 
1990).  Various  difficulties  were  encountered  during  these  tests,  but  could  be  summarized 
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by  two  recurrent  factors:  insufficient  synchrony  and  lack  of  reproducibility  (data  not 
shown). 

Obtaining  sufficient  synchrony  and  reproducibility  was  finally  obtained  by 
extensive  testing  using  a  double  block  of  excess  thymidine  and  the  microtubule 
polymerization  inhibitor,  nocodazole,  on  HeLa  cells  at  varying  times  and  concentrations. 
This  method  of  cell  synchronization  (See  Methods  &  Materials)  provides  greater  than 
75%  synchrony,  allows  re-entry  into  cycle  following  drug  removal,  minimizes  loss  of  cell 
viability,  and  is  readily  reproducible. 

4-2.2:  Mitotic  Synchronization  of  HeLa  Cells 

In  order  to  synchronize  HeLa  cells  in  M  phase  of  the  cell  cycle,  a  double  block 
with  2  mM  thymidine  (12  hours)  and  20  ng/ml  nocodazole  (12  hours)  was  utilized.  In 
addition  to  being  an  effective  way  of  synchronizing  HeLa  cell  populations  with  minimal 
loss  of  cell  viability,  removal  of  the  mitotic  block  (nocodazole)  allowed  rapid  cell  cycle 
progression  into  Gi  and  synchronous  progression  throughout  Gi  and  S  phase  of  the  cell 
cycle. 

Suspensions  of  asynchronous  HeLa  cells  were  used  to  carefully  establish  0.5  X 
106  and  1.5  X  106  initial  seeding  densities  (as  determined  by  Coulter  counter  analysis)  in 
10  cm  and  15  cm  culture  dishes,  respectively.  Cells  were  allowed  to  adhere  for  24  hours 
prior  to  synchronization  treatment,  and  cell  loss  (as  determined  by  presence  of  non¬ 
adherent  cells)  was  insignificant  and  similar  for  all  seeded  culture  vessels.  To  further 
minimize  any  potential  differences  in  cell  densities,  several  culture  dishes  were  harvested 
at  each  time-point  and  cells  pooled.  Harvest  times,  after  release  from  mitotic  block  (TO), 
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were  determined  as  to  provide  representative  cell  populations  from  early  Gi  (T2  or  T3), 
mid-G,  (T6),  early  S  (T10  or  Til),  mid-S  (T13  or  T14),  and  late  S  (T16). 

FIGURE  4-1:  FACS  Analysis  figure  of  a  typical  HeLa  synchronization 

Following  sequential  12  hour  incubations  with  excess  thymidine  and  nocodazole, 
arrested  cell  populations  were  released  from  their  mitotic  block  by  aspirating  nocodazole- 
containing  media,  washing  in  37°  PBS,  and  then  re-incubating  culture  vessels  in  fresh 
media  supplemented  with  10%  FCS.  Efficacy  of  nocodazole-mediated  G2/M  arrest,  and 
progression  throughout  the  cell  cycle  on  release  from  the  mitotic  block  was  analyzed  by 
flow  cytometry  following  cell  fixation  and  DNA  staining  with  propidium  iodide.  Figure 
4-1  shows  a  typical  flow  cytometric  (FACS)  analysis  of  HeLa  cell  cycle  progression  after 
this  synchronization  regime.  At  the  time  of  release  from  nocodazole  treatment  (TO),  over 
75%  of  the  HeLa  cell  population  had  a  4N  DNA  complement,  typical  of  G2/M  cells. 
Based  on  the  known  activity  of  nocodazole  as  a  microtubule  polymerization  inhibitor, 
these  data  suggest  that  a  mitotic  block  had  been  imposed.  By  two  hours  post-treatment 
(T2),  the  major  fluorescence  peak  shifts  to  an  intensity  approximately  50%  (2N  DNA 
complement)  of  that  seen  at  TO,  suggesting  completion  of  mitosis  and  progression  of 
those  cell  populations  into  early  Gi  of  the  cell  cycle.  At  six  hours  (T6)  post-release,  the 
percentage  of  cells  in  Gi  increases  further,  probably  as  those  cells  slow  to  recover  from 
nocodazole  treatment,  complete  mitosis  and  progress  to  Gi  of  the  cell  cycle.  Analysis  of 
fluorescence  at  10  hours  (T10)  indicates  a  broadening  of  the  major  GI  peak  and  increase 
(shift  to  the  right)  in  intensity,  presumably  the  result  of  DNA  synthesis  as  S  phase 
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commences.  At  13  hours  (T13)  the  number  of  Gi  cells  decreases  significantly,  coincident 
with  a  dramatic  increase  in  the  number  of  cells  with  intermediate  DNA  fluorescence 
intensities,  which  represent  cells  in  S  phase.  By  16  hours  (T16),  analysis  of  cellular 
fluorescence  intensity  indicates  that  the  majority  of  cells  are  well  into  S  phase,  although 
the  minor  peak  of  lower  fluorescence  intensity  (far  left  peak  in  T16)  indicates  that 
approximately  25%  of  cells  are  still  in  Gi.  At  19  hours  (T19)  post-release,  the  two  major 
fluorescence  peaks  indicate  that  approximately  half  of  the  cells  are  in  late  S  or  G2/M  (4N 
DNA)  and  the  other  half  have  completed  mitosis  and  have  progressed  back  into  Gi  (2N 
DNA).  By  21  hours  (T21),  the  majority  (approximately  65%)  of  cells  has  the 
fluorescence  intensity  of  Gi  cell  populations  (2N  DNA),  indicating  that  most  cells  have 
now  completed  mitosis  and  progressed  to  Gi  of  the  cell  cycle. 

This  analysis  of  FACS  data  strongly  implies  an  efficient  mitotic  block  (TO),  rapid 
progression  into  GI  by  two  hours  (T2)  following  drug  removal,  and  synchronous 
progression  of  the  majority  of  cells  from  early  Gi  through  S  phase  (T6,  T10,  T13,  T16)  of 
the  cell  cycle. 

4-2.3:  Expression  of  FEN1  mRNA  throughout  the  HeLa  Cell  Cycle 

To  examine  FEN1  mRNA  expression  levels  during  the  cell  cycle,  synchronized 
HeLa  cell  populations  were  harvested  at  the  times  indicated  (Figure  4-1),  frozen  until 
ready  for  analysis,  then  lysed,  and  total  RNA  extracted.  RNA  extraction,  electrophoresis, 
and  probing  of  Northern  blots  from  three  individual  HeLa  synchronizations  were 
simultaneously  carried  out  to  eliminate  any  inherent  differences  arising  from  separate 
procedures  performed  on  different  days.  Total  RNA  from  equal  aliquots,  representing 
equivalent  cell  numbers  within  three  separate  synchronizations,  was  extracted  using 
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RNEasy  spin  columns  (Qiagen).  Following  elution,  RNA  samples  were  concentrated  by 
ethanol  precipitation  and  re-suspended  in  small  volumes  of  DEPC-treated  water  (See 
Methods  &  Materials). 

Following  RNA  extraction  and  precipitation,  RNA  sample  concentrations  and 
purity  were  determined  by  A260/A280  spectrophotometer  readings  (See  Methods  & 
Materials).  Equal  amounts  of  RNA,  as  determined  by  A26o  measurements,  were  loaded 
on  a  0.8%  TAE-agarose,  non-denaturing  gel  to  verify  concentrations  (data  not  shown). 
Approximately  15  pg  of  total  RNA  from  each  time-point  were  electrophoresed  on  a  1% 
formaldehyde-agarose  denaturing  gel  containing  0.3  pg/ml  ethidium  bromide.  Following 
electrophoresis,  the  gel  was  photographed  and  the  location  of  28S  and  18S  rRNA  bands 
(6.33  and  2.37  kb,  respectively,  Patel,  1994)  were  measured  for  subsequent  use  as  relative 
size  markers  (data  not  shown).  The  RNA  gel  was  then  capillary  blotted  onto  nylon 
membrane,  photographed  again  (data  not  shown)  to  determine  transfer  efficiency,  and 
finally  RNA  was  cross-linked  to  the  membrane  by  1200  J/m2  UV-exposure  (See  Methods 
&  Materials). 

Figure  4-2A/B/C  showing  RNA  expression  of  FEN  1,  PCNA,  and  GAPDH 

The  Northern  blot  was  first  pre-hybridized  and  probed  with  a-[32P]  dATP-labeled 
human  FEN1  cDNA  (Figure  4-2 A).  Although  FEN1  mRNA  bands  vary  slightly  in 
intensity  from  one  experiment  to  another  due  to  the  amount  of  total  RNA  loaded,  a 
pattern  of  FEN1  mRNA  expression  is  evident.  In  all  three  synchronizations,  the  FEN1 
mRNA  band  gradually  increases  in  intensity  from  release  of  the  mitotic  block  (TO)  up  to 


10-13  hours  (T10/T13)  post-release,  with  peak  intensity  occurring  at  either  T10  or  T13. 
FEN1  mRNA  band  intensities  then  gradually  decrease  at  16  (T16),  19  (T19),  and  21 
(T21)  hours,  eventually  attaining  levels  similar  to  those  noted  at  the  time  of  release  (TO) 
from  the  mitotic  block.  In  addition  to  the  three  HeLa  synchronizations,  total  RNA  from 
three  separate  asynchronous  HeLa  cell  populations  (Figure  4-2)  were  also  simultaneously 
separated,  Northern  blotted,  and  probed  on  the  same  membrane.  Analysis  of  those  bands 
show  minor  variations  in  band  intensity,  with  possibly  higher  levels  of  FEN1  mRNA 
detected  in  the  asynchronous  HeLa  cell  population  in  the  third  experiment  (A/S3). 

Following  the  FEN1  cDNA  probe,  the  same  blot  was  subsequently  stripped  of 
probe,  pre-hybridized,  and  re-probed  with  a-[32P]  dATP-labeled  PCNA  cDNA.  Analysis 
of  PCNA  mRNA  band  intensities  in  Figure  4-2B  shows  that,  like  FEN1  mRNA,  PCNA 
mRNA  band  intensities  exhibit  a  distinct  pattern.  In  all  three  experiments,  PCNA  mRNA 
bands  increase  in  intensity  from  release  of  the  mitotic  block  (TO)  until  10  (T10)  to  13 
(T13)  hours  post-release,  with  peak  intensity  occurring  at  either  T10  or  T13.  After 
peaking  at  T10/T13,  PCNA  mRNA  band  intensities  also  decrease  gradually  16  (T16),  19 
(T19),  and  21  (T21)  hours  following  release  from  the  mitotic  block  (TO).  Also  similar  to 
FEN1  mRNA,  PCNA  mRNA  levels  21  hours  (T21)  post-release  approach  TO  levels.  In 
addition,  PCNA  mRNA  band  intensities  in  the  three  asynchronous  populations  show  little 
variation,  with  the  exception  of  slightly  higher  band  intensity  again  noted  in  the 
asynchronous  population  from  experiment  3  (A/S3). 

Immediately  following  the  FEN1  and  PCNA  cDNA  probes,  the  same  membrane 
was  again  stripped,  pre-hybridized,  and  re-probed  with  the  GAPDH  control  probe  to 
check  for  RNA  loading  variations.  GAPDH  mRNA  levels  show  little  variation  during 
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the  cell  cycle  (Dani  et  al.,  1984)  and  variations  in  GAPDH  band  intensities  noted  here 
should  be  the  result  of  RNA  loading  variations  and  not  cell  cycle-dependent  changes  in 
expression.  Similar  to  FEN1  and  PCNA  mRNA  levels,  GAPDH  mRNA  levels  vary 
slightly  between  experiments.  However,  as  can  be  seen  in  Figure  4-2C,  GAPDH  mRNA 
levels  show  only  minor  variations  for  all  time-points  examined  within  all  three 
experiments.  Notable  exceptions  are  the  bands  from  2  (T2)  and  6  (T6)  hours  post¬ 
treatment  in  experiment  2.  Very  low  band  intensities  noted  here  are  most  likely  the  result 
of  RNA  degradation  (evidenced  by  RNA  band  smearing  in  the  gel)  that  was  also  noted 
previously  during  analysis  of  28S  and  18S  rRNA  bands.  To  account  for  such  variations 
in  the  amount  of  RNA  loaded,  films  from  all  Northern  blots  were  subjected  to 
densitometry  analysis  (see  Methods  &  Materials)  and  all  FEN1  and  PCNA  expression 
levels  were  normalized  against  loading  differences  detected  by  the  GAPDH  probe. 

Figure  4-2C/D  Showing  Excel  graphs  of  FEN1  and  PCNA  expression 

Figure  4-2D  shows  the  graph  depicting  FEN1  mRNA  expression  during  the  cell 
cycle  in  synchronized  HeLa  cell  populations.  In  all  three  experiments,  the  results  show  a 
definitive  increase  in  FEN1  mRNA  expression  after  release  from  the  mitotic  block  (TO) 
that  continues  until  10  hours  (T10)  post-release.  FEN1  mRNA  expression  levels  appears 
to  reach  a  maximum  10  hours  (T10)  after  release  and  then  FEN1  mRNA  levels  show  a 
gradually  decline  (T13,  T16,  T19,  T21)  to  levels  similar  to  those  seen  at  the  time  of 
release  (TO).  Although  the  rate  and  magnitude  of  FEN  1  mRNA  expression  level  changes 
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do  vary  between  the  three  synchronizations,  the  overall  pattern  and  timing  of  FEN1 
mRNA  expression  remains  the  same. 

Analysis  of  normalized  PCNA  expression  in  Figure  4-2E  shows  a  pattern  similar 
to  FENl’s  mRNA  expression,  with  PCNA  mRNA  levels  increasing  after  release  from  the 
mitotic  block  (TO)  until  10  hours  (T10)  post-release.  Also  similar  to  FEN1,  PCNA 
mRNA  expression  peaks  at  10  hours  (T10)  and  then  decreases  gradually  13  (T13),  16 
(T16),  19  (T19),  and  21  (T21)  hours  after  release.  However,  it  is  interesting  to  note  that 
PCNA  peak  expression  levels  may  be  sustained  longer  than  what  was  observed  for  FEN1 . 
Again,  although  the  rate  and  magnitude  of  PCNA  mRNA  expression  level  changes  do 
vary  between  the  three  experiments,  the  same  pattern  is  observed  in  each  experiment  and 
the  pattern  shows  similarities  to  the  FEN1  mRNA  expression  pattern  (Figure  4-2D). 

Finally,  it  should  also  be  noted  that  both  FEN1  and  PCNA  mRNA  expression 
levels  appear  to  remain  relatively  constant  in  cycling,  asynchronous  HeLa  cell 
populations  (Figures  4-2A  &  B). 

Analysis  of  FEN1  and  PCNA  mRNA  expression  suggests  that  both  genes  are 
expressed  in  a  cell  cycle-dependent  manner.  The  results  also  suggest  a  maximal  two-  to 
three-fold  increase  in  both  FEN1  and  PCNA  mRNA  expression  during  the  HeLa  cell 
cycle,  with  peak  expression  occurring  10-13  (T10/T13)  hours  following  release  from  the 
mitotic  block.  In  addition,  peak  expression  appears  to  occur  coincident  with  the  onset  of 
DNA  replication  as  determined  by  FACS  analysis  (Figure  4-1).  Lastly,  it  appears  that 
both  FEN1  and  PCNA  mRNA  expression  levels  in  asynchronous,  cycling  HeLa  cell 
populations  remain  virtually  unchanged  from  one  generation  to  the  next. 
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4-2.4:  Analysis  of  Soluble  FEN1  Protein  Levels 

Because  FEN1  mRNA  levels  appear  to  increase  in  a  cell  cycle-dependent 
manner,  I  wanted  to  investigate  if  FEN1  protein  levels  also  change  in  a  similar  manner. 

To  address  this  question,  cell  pellets  containing  equivalent  cell  numbers  from  the  various 
cell  cycle  time-points  described  above  (Figure  4-1)  were  lysed,  and  cellular  protein  was 
extracted.  It  should  be  noted  that  care  was  taken  at  all  times  to  ensure  that  equal  volumes 
were  used  and  recovered  during  protein  extraction  from  equivalent  cell  numbers.  The 
following  briefly  describes  the  protein  extraction  strategy. 

Initially,  HeLa  cells  were  harvested  at  the  same  times  as  described  in  Figure  4-1, 
and  protein  was  extracted  by  sufficient  NP40  lysis  buffer  (600-800  pi)  to  recover  most 
soluble  protein  (NP40  fractions).  DNA-associated  protein  was  subsequently  extracted 
from  the  remaining  cell  pellets  by  re-suspension  in  small  volumes  (200-300  pi)  of 
buffered  DNAase  I  lysate  (DNAase  I  fractions),  and  finally  the  remaining  pellet  was 
extracted  with  NP40  buffer  containing  1%  SDS  (or  1%-SDS  loading  buffer)  to  recover 
relatively  insoluble  protein  (SDS  fractions).  8%  to  12%  SDS-PAGE  gels  of  the  various 
fractions  were  western  blotted  and  probed  with  antibodies  against  FEN1  and  PCNA. 
Bradford  assays,  Coomassie-stained  gels,  and  Ponceau  Red  staining  of  western  blots 
ensured  equal  total  protein  concentrations  were  loaded  (where  indicated);  alternatively, 
protein  from  equivalent  cell  numbers  was  loaded.  Because  equal  cell  numbers, 
extraction,  and  loading  volumes  were  used  during  experiments,  any  differences  in 
relative  protein  concentrations  during  cell  cycle  progression  are  thought  to  reflect  protein 
synthesis  on  cell  growth  or  increased  protein  stability. 
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Interestingly,  multiple  experiments  using  this  strategy  have  shown  that  although 
the  amount  of  total  protein  in  NP40  and  DNAase  I  fractions  appears  to  increase,  as 
determined  by  Bradford  assays  and  Coomassie-stained  gels,  total  insoluble  (SDS 
fractions)  protein  concentrations  did  not  appear  to  alter  significantly  (data  not  shown) 
during  cell  cycle  progression  from  early  Gi  through  late  S  phase. 

Figure  4-3  showing  soluble  FEN1  and  PCNA 

Initial  experiments  using  lysis  volumes  of  600-800  jul  suggested  that  NP40- 
soluble  FEN1  (Figure  4-3B)  and  PCNA  (Figure  4-3C)  protein  levels  remained  relatively 
constant  throughout  the  cell  cycle.  For  PCNA  protein  expression,  this  result  differed 
from  previous  reports  (Morris  and  Mathews,  1989).  However,  it  was  possible  that  slight 
variations  in  protein  levels  could  be  masked  by  insufficient  lysis  of  soluble  protein  or  by 
an  excessively  strong  signal  on  the  immunoblot  during  ECL  detection.  Further 
experiments  were  conducted  to  address  this  issue  and  to  ensure  that  most,  if  not  all, 
soluble  protein  was  being  extracted  during  NP40  lysis. 

Firstly,  equal  cell  numbers  from  various  times  during  the  cell  cycle  were 
subjected  to  NP40  lysis  in  600  pi  volumes.  Following  centrifugation,  the  soluble  protein- 
containing  supernatant  was  carefully  removed,  and  the  remaining  pellet  was  re-suspended 
in  200  pi  of  NP40  lysis  buffer,  incubated  on  ice  for  30  minutes,  centrifuged  again,  and 
the  supernatant  removed  (wash  1).  This  wash  was  repeated  a  second  time  (wash  2)  and 
aliquots  of  the  original  lysis  and  washes  were  subsequently  separated  by  10%  SDS- 
PAGE  and  Coomassie-stained  (Figure  4-4A).  Two  additional  SDS-PAGE  gels  were  run 
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in  parallel,  western  blotted,  and  probed  with  anti-Xenopus  FEN1  (1:2000)  polyclonal 
(Figure  4-4B)  and  anti-PCNA  (PC  10)  monoclonal  (1:1000)  antibodies  (Figure  4-4C). 

Figure  4-4A/B/C  showing  HeLa  gels  and  western  blots 

As  can  be  seen,  the  proportion  of  soluble  FEN1  (Figure  4-4B)  to  total  protein 
extracted  (Figure  4-4A)  by  the  initial  NP40  lysis  remained  relatively  constant  throughout 
the  cell  cycle,  but  it  appears  that  soluble  FEN1  protein  was  still  remaining  because 
soluble  FEN1  protein  was  still  detected  in  subsequent  wash  lysates.  Interestingly,  even 
though  care  was  taken  to  ensure  equal  cell  numbers  and  extraction  volumes  were  used  for 
all  time-points  analyzed,  the  amounts  of  soluble  FEN1  protein  extracted  during  the  first 
wash  increased  as  cell  populations  progressed  from  early  G1  (T3)  to  late  S  phase  (T16). 
Most  notably,  FEN1  protein  was  only  detected  in  S  phase  extracts  (T13  and  T16)  in  the 
second  wash  (Figure  4-4B).  This  pattern  is  similar  to  that  noted  for  soluble  PCNA 
protein  extraction  (Figure  4-4C). 

To  determine  if  the  increases  witnessed  in  wash  fractions  of  soluble  FEN1  and 
PCNA  protein  were  due  solely  to  increases  in  total  cellular  protein,  densitometry 
measurements  of  the  FEN1  (Figure  4-4B)  and  PCNA  (Figure  4-4C)  bands  were 
compared  with  total  protein  concentrations  estimated  by  Bradford  assays.  Because  total 
protein  concentrations  of  wash  fractions  were  below  Bradford  detection  limits,  initial 
NP40  extraction  lysates  were  used  to  determine  total  protein  concentrations.  It  is 
assumed  that,  although  the  amount  of  total  soluble  protein  extracted  increases  from  T3  to 
T16,  the  ratio  of  soluble  protein  extracted  during  subsequent  wash  1  and  2  remains  the 
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same.  Total  soluble  protein  was  found  to  be  similar  (0.75  mg/ml)  in  T3,  T6,  and  T10,  but 
it  increased  approximately  50%  (1.05  mg/ml)  by  T13,  and  67%  (1.15  mg/ml)  by  T16,  as 
determined  by  Bradford  assay.  However,  densitometry  measurements  show  that  the  level 
of  FEN1  protein  detected  in  wash  1  fractions  increased  by  up  to  100%  (T13)  and  200% 
(T16)  over  T3  levels.  PCNA  protein  levels  detected  in  wash  1  fractions  also  similarly 
increased.  This  result,  combined  with  FEN1  and  PCNA  protein  being  detected  only  in 
T13  and  T16  fractions  in  wash  2,  suggests  that  soluble  FEN1  protein  levels  may  increase 
in  a  cell  cycle-dependent  manner. 

In  the  previous  experiment  described  above,  cell  pellets  were  subjected  to 
vigorous  pipetting  to  re-suspend  during  washes  and  it  was  possible  that  this  may  have 
resulted  in  normally  NP40-insoluble  protein  being  solubilized.  Additionally,  it  appeared 
that  initial  soluble  protein  extraction  volumes  may  have  been  insufficient  to  recover  all 
soluble  protein.  To  test  these  possibilities,  equivalent  cell  numbers  from  the  same  cell 
cycle  time-points  (T3  to  T16)  used  previously,  were  again  subjected  to  NP40  lysis,  using 
3  ml  extraction  volumes  to  ensure  complete  extraction  of  all  soluble  protein.  Following 
extraction,  protein  samples  were  separated  on  10%  SDS-PAGE  and  Coomassie-stained  to 
analyze  total  soluble  protein  (Figure  4-5A).  Additionally,  western  blots  of  the  same 
samples  were  probed  to  analyze  FEN1  (Figure  4-5B)  and  PCNA  (Figure  4-5 C)  protein 
levels. 


FIGURE  4-5  showing  HeLa  3ml  protein  extraction 
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Although  the  detected  FEN1  protein  signal  is  weak  (Figure  4-5B),  and  it  appears 
that  the  level  of  FEN1  protein  detected  at  T10  is  slightly  less  than  T6,  it  is  still  possible  to 
discern  an  increase  in  soluble  FEN1  protein  as  cells  progress  from  early  Gi  (T3)  towards 
late  S  phase  (T16).  Because  total  protein  concentrations  loaded  on  the  gels  were  five 
times  lower  compared  to  previous  experiments  (eg.  Figure  4-4A),  it  was  possible  to  note 
a  subtle  increase  in  FEN1  expression  that  was  not  masked  by  excessive  ECL  detection 
signals  seen  previously  (Figure  4-4B,  NP40  fractions).  This  increase  in  soluble  FEN1 
protein  levels  as  cells  approach  S  phase  is  similar  to  the  increase  in  soluble  FEN1  protein 
observed  in  wash  steps  when  smaller  original  lysis  volumes  were  used  (Figure  4-4B, 
Wash  1  &  2). 

An  increase  in  soluble  PCNA  protein  during  the  cell  cycle  was  also  noted  when 
this  same  blot  was  re-probed  with  the  anti-PCNA  antibody,  PC  10  (Figure  4-5C). 
Interestingly,  it  appears  that  soluble  PCNA  protein  levels  vary  little  from  early  Gi  (T3) 
through  mid-S  phase  (T13),  but  significantly  increases  by  late  S  phase  (T16).  Despite 
that  observation,  it  still  appears  that  soluble  PCNA  protein  levels  are  increased  as  cells 
progress  towards  late  S  phase  of  the  cell  cycle. 

To  determine  if  the  increases  witnessed  in  soluble  FEN1  and  PCNA  protein  were 
due  solely  to  increases  in  total  cellular  protein,  densitometry  measurements  of  the  FEN1 
(Figure  4-5B)  and  PCNA  (Figure  4-5C)  bands  were  compared  with  total  protein 
concentrations  estimated  by  Bradford  assays.  Total  soluble  protein  concentrations 
increased  approximately  18%  (0.47  mg/ml)  by  T6  and  T10,  33%  (0.53  mg/ml)  by  T13, 
and  40%  (0.56  mg/ml)  by  T16  over  T3  (0.4  mg/ml)  levels.  In  contrast,  detected  FEN1 
protein  levels  increased  nearly  100%  (T13)  and  200%  (T16)  over  FEN1  levels  detected  in 


T3  extracts.  This  suggests  that  soluble  FEN1  protein  levels  increase  significantly  more 
(2-3  times)  than  relative  increases  in  total  cellular  protein  levels  as  cells  progress  from 
early  Gi  towards  S  phase  of  the  cell  cycle.  This  result,  together  with  the  results  shown  in 
Figures  4-4B  and  4-5B,  strongly  suggest  that  NP40-soluble  FEN1  protein  levels  increase 
in  a  cell  cycle-dependent  manner,  as  cells  approach  S  phase  (approximately  13-16  hours) 
after  release  from  mitotic  block. 

4-2.5:  Analysis  of  DNAase  I-soluble  FEN1  Protein  during  the  HeLa  Cell  Cycle 

Because  of  FENl’s  putative  role  in  DNA  replication  (Ishimi  et  al,.,  1988;  Goulian 
et  al.,  1990;  Turchi  and  Bambara,  1993;  Waga  et  al.,  1994),  it  was  logical  to  examine  if 
any  FEN1  was  bound  to  DNA  and  whether  this  could  be  released  by  DNAase  I  treatment 
of  cell  pellets  following  extraction  of  soluble  proteins  with  NP40.  The  current  model  for 
FEN1  activity  (Wu  et  al.,  1996;  Huang  et  al,  1997)  suggests  that  FEN1  protein  may  be 
bound  to  DNA  flap  structures  in  an  S  phase-specific  manner  (Warbrick  et  al.,  1997; 
Lieber,  1997).  To  address  this  question,  cell  pellets  from  various  cell  cycle  stages, 
remaining  after  NP40  lysis,  were  subjected  to  DNAase  I  digestion  (200  pg/ml)  at  37°  C 
for  30  minutes.  Samples  from  the  various  time-points  were  separated  on  10%  SDS- 
PAGE,  and  either  Coomassie-stained  for  total  protein  (Figure  4-6A),  or  western  blotted 
and  probed  with  anti-Xenopus  FEN1  antibody  (Figure  4-6B)  or  anti-PCNA  monoclonal 
antibody  PC10  (Figure  4-6C). 

FIGURE  4-6  showing  DNAase  gel 
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Although  high  levels  of  PCNA  were  detected  (Figure  4-6C),  especially  in  S  phase 
fractions  (T10,  T13,  T16),  no  FEN1  protein  was  detected  in  any  cell  cycle  stage  (T3  to 
T16,  Figure  4-6B)  in  extracts  following  DNAase  I  treatment. 

To  confirm  the  effects  of  DNAase  I  digestion,  this  same  blot  was  re-probed  with 
anti-PCNA  antibody,  PC  10.  Previous  studies  (Celis  and  Madsen,  1985)  have  shown  that 
non-detergent-soluble  PCNA  protein  can  be  found  in  complex  with  DNA  in  an  S-phase- 
specific  manner.  As  seen  in  Figure  4-6C,  DNA  digestion  was  efficient  as  high  levels  of 
non-NP40-soluble  PCNA  protein  was  released  by  DNAase  I  treatment.  The  substantially 
higher  levels  of  PCNA  protein  detected  in  T10,  T13,  and  T16  DNAase  I  fractions 
(compared  to  T3  and  T6  fractions),  in  combination  with  the  FACS  data  in  Figure  4-1, 
strongly  suggest  that  those  cell  populations  were  in  S  phase.  To  determine  if  any  FEN1 
protein  was  released  by  DNAase  I  treatment,  but  not  visualized  because  FEN1  protein 
concentrations  were  below  the  detection  limits  of  this  antibody-ECL  system 
(approximately  25-50  pg  for  high-affinity  antibodies;  Bers  and  Garfin,  1985),  an  8% 
SDS-PAGE  gel  was  loaded  with  approximately  10  pg  of  DNAase-extracted  material  per 
lane. 

FIGURE  4-7  showing  FEN1/PCNA  western  blots 

Figure  4-7 A  shows  that  FEN1  protein  could  only  be  detected  in  S  phase  populations 
(T10,  13, 16),  but  levels  are  at  or  near  the  limits  of  ECL  detection.  PCNA  protein  levels 
from  those  same  fractions,  as  seen  in  Figure  4-7B,  are  much  higher  and  easily  detected  in 
ECL  reactions,  even  at  very  short  exposure  times.  It  is  currently  uncertain  as  to  whether 
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FEN1  detected  in  DNAase  I-treated  S  phase  fractions  represents  minute  concentrations  of 
soluble  protein  remaining  after  NP40  lysis  or  FEN1  protein  that  was  released  from  DNA 
on  DNAase  treatment.  However,  it  is  clear  from  these  experiments  that  FEN1  and  PCNA 
are  not  present  in  the  same  stoichiometric  amounts  in  DNAase  I-extractable  material, 
suggesting  that  they  may  exist  in  different  sub-nuclear  compartments. 

4-2.6:  Analysis  of  SDS-Soluble  FEN1  During  the  HeLa  Cell  Cycle 

Following  NP40  and  DNAase  I  extraction,  any  remaining  cellular  proteins  were 
finally  extracted  from  resulting  cell  pellets  with  1%  SDS.  Samples  were  separated  by 
10%  SDS-PAGE  and  Coomassie-stained  (Figure  4-8A),  or  western  blotted  and  probed 
with  antibodies  against  FEN1  (Figure  4-8B)  or  PCNA  (Figure  4-8C). 

Figure  4-8  showing  SDS  gels/westem  blots 

Figure  4-8A  shows  that  levels  of  total  cellular  protein  extracted  by  SDS  treatment 
vary  little  during  the  cell  cycle.  Interestingly,  it  was  also  discovered  that  a  proportion  of 
FEN1  protein  remained  even  after  NP40  and  DNAase  treatment  (Figure  4-8B).  In 
addition,  Figure  4-8B  also  shows  that  levels  of  NP40-insoluble  FEN1  protein  may 
actually  decrease  as  cells  progress  from  early  Gi  towards  S  phase  of  the  cell  cycle.  In 
contrast,  very  little  PCNA  protein  remained  after  DNAase  I  treatment,  with  only  small 
amounts  of  protein  detected  in  S  phase  (T13  and  T16)  fractions  (Figure  4-8C).  Because 
prior  DNAase  treatment  appeared  to  release  the  vast  majority  of  DNA-associated  PCNA 
protein  (compare  Figures  4-7B  &  4-8C),  and  very  little,  if  any,  FEN1  protein,  it  is 


unlikely  that  relatively  insoluble  (SDS-extractable)  FEN1  is  bound  to  PCNA.  It  is 
currently  unclear  as  to  what  FEN1  is  bound  to  in  its  SDS-extractable  form.  Although  it 
cannot  be  entirely  ruled  out  that  the  insoluble  pool  of  FEN1  may  be  sequestered  to 
cytoskeletal  components,  it  is  much  more  likely  that  FEN1  protein  is  immobilized  within 
the  nucleus,  based  on  three  major  characteristics.  Firstly,  FEN1  possesses  a  putative 
nuclear  localization  signal  (Murray  et  al.,  1994)  suggesting  that  it  may  be  transported  into 
the  nucleus.  Secondly,  FEN1  must  be  nuclear  if  it  is  to  carry  out  its  proposed  role  in 
DNA  replication  (Ishimi  et  al.,  1988;  Goulian  et  al.,  1990;  Turchi  and  Bambara,  1993; 
Waga  et  al.,  1994)  or  DNA  repair  (Frosina  et  al.,  1996;  Klungland  and  Lindahl,  1997). 
Finally,  the  data  presented  in  Chapter  3  (Figure  3-13)  of  this  thesis  shows  that  GFP-FEN1 
protein  localizes  predominantly  within  the  cell  nucleus. 

4-2.7;  Synchronization  of  Human  MRC-5  Cells  bv  Serum  Starvation 

Following  analysis  of  a  transformed  cell  line  (HeLa),  I  wanted  to  investigate  if  the 
observed  pattern  of  FEN  1  mRNA  levels,  protein  levels,  and  protein  solubility  would  be 
similar  in  non-transformed,  primary  cell  lines.  Using  a  primary  human  MRC-5  fibroblast 
cell  line  (Jacobs,  1966),  one  synchronization  was  performed  at  passage  number  34,  and 
protein  and  total  RNA  were  extracted  for  analysis.  A  second  synchronization  was 
performed  at  passage  number  39,  but  FACS  data  revealed  that  relatively  few  (fewer  than 
5%)  cells  were  stimulated  to  proliferate,  even  48  hours  after  the  addition  of  fresh  media 
supplemented  with  15%  FCS  (data  not  shown).  In  addition,  these  cells  showed 
considerable  staining  for  SA-P-gal  (A.  Rodrigues-Lopez,  personal  communication), 
indicative  of  replicative  senescence  (Dimri  et  al.,  1995).  Additional  synchronizations 
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were  attempted  with  frozen  stocks  of  cells  at  passage  numbers  30-32,  but  they  were 
similarly  hampered  by  the  high  percentage  of  senescent,  non-proliferating  cells  within  the 
population. 

Figure  4-9  showing  GOOD  MRC-5  synchronization 

The  strategy  behind  the  method  of  MRC-5  synchronization  and  harvest  was  to 
obtain  equivalent  numbers  of  cells  at  various  defined  stages  of  the  cell  cycle.  The  various 
time-points  used  were  determined  in  pilot  test  synchronizations  (Figure  4-9),  using 
conditions  similar  to  those  used  to  obtain  the  data  discussed  below.  In  addition,  several 
culture  dishes  were  harvested  and  pooled  at  each  time-point,  then  cell  numbers  were 
determined  by  Coulter  counter  analysis.  All  time-points  harvested  had  similar  cell 
numbers,  with  the  exception  of  T  37,  which  had  approximately  20%  more  cells  than  the 
other  time-points  examined  (data  not  shown).  The  reason  for  this  difference  was  that  by 
37  hours  after  re-feeding,  a  proportion  of  the  cell  population  had  divided  and  now 
resembled  an  asynchronous  cell  population  (see  Figure  4-10A). 

To  synchronize  primary  MRC-5  fibroblasts,  asynchronously  growing  cells  at 
passage  34  were  used  to  seed  evenly  10  cm  culture  dishes  with  5  X  105  cells  per  dish  (as 
determined  by  Coulter  counter  analysis)  in  DMEM  supplemented  with  10%  FCS.  Cells 
were  allowed  to  grow  for  2.5  days  and  reached  near  confluence.  At  that  time,  the  cells 
were  subjected  to  serum  starvation,  when  the  medium  was  replaced  with  fresh  DMEM 
containing  0.5%  FCS.  Following  a  55  hour  incubation  in  low  serum  medium,  cells  were 
trypsinized,  pooled,  and  seeded  at  1.2  X106  cells  per  15  cm  culture  dish  in  fresh  DMEM, 
supplemented  with  15%  FCS  to  stimulate  proliferation.  Loss  of  cell  viability  during  re- 
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plating  was  estimated  to  be  less  than  5%  as  determined  by  trypan  blue  exclusion, 
although  it  is  possible  that  a  slight  additional  loss  of  cell  viability  may  have  occurred 
after  re-plating,  as  suggested  by  the  presence  of  non-adherent  cells  at  time  of  harvest. 

Figure  4-10A  &  B  FACS  Figure  from  MRC-5  synchronization 

Figure  4-10 A  shows  the  flow  cytometric  analysis  (FACS)  of  passage  34  MRC-5 
fibroblasts  after  release  from  serum  starvation.  Analysis  of  the  major  peak  in  cell 
populations,  at  the  time  of  re-feeding  (TO),  shows  that  greater  than  77%  of  the  cells  had  a 
diploid  DNA  complement  characteristic  of  Go/Gi  cells.  To  distinguish  between  Go  and 
Gi  cells,  soluble  protein  was  extracted  from  cells  of  the  various  time-points,  separated  by 
10%  SDS-PAGE,  blotted  onto  nitrocellulose,  and  probed  with  a  monoclonal  antibody 
against  c-JUN.  Previous  studies  (Kaczmarek,  1986)  have  demonstrated  that  this 
immediate  early  response  transcription  factor  is  absent  in  quiescent  (Go)  cells,  but  is 
rapidly  expressed  as  cells  come  into  cycle.  The  results  of  the  immunoprobe  seen  in 
Figure  4-1  OB  show  that  no  JUN  protein  was  detected  at  the  time  of  re-feeding  (TO), 
suggesting  that  serum  starvation  had  resulted  in  withdrawal  from  the  cell  cycle  to  a 
quiescent  state  (Go).  By  10  hours  after  re-feeding  (T10),  JUN  protein  was  detectable  and 
remained  so  throughout  the  time  course  of  the  experiment.  It  should  be  noted  that  the 
levels  of  JUN  protein  detected  at  18  (T18)  and  21  (T21)  hours  after  re-feeding  appear 
lower  than  other  time-points  examined.  The  reason  for  this  is  not  clear  since  Coomassie 
staining  of  another  gel  run  in  parallel  (Figure  4- 12 A),  shows  no  significant  loading 
variations  from  TO  through  T24.  Regardless,  JUN  protein  levels  were  still  detectable  at 
all  time-points  subsequent  to  TO  and  the  FACS  data  (Figure  4- 10 A)  indicate  that  those 
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cell  populations  were  not  quiescent.  Overall,  these  results  suggest  that  the  MRC-5  cells 
were  arrested  in  a  quiescent  (Go)  state  following  the  55  hour  serum  starvation,  and  re¬ 
entered  Gi  of  the  cell  cycle  by  10  hours  (T10)  after  re-feeding.  Additionally,  the  FACS 
data  also  suggest  that  S  phase  commences  between  18  (T18)  and  21  (T21)  hours,  with  the 
number  of  cells  in  S  phase  increasing  by  24  hours  (T24). 

4-2.9:  Analysis  of  FEN1  mRNA  Expression  in  Synchronized  MRC-5  Cells 

Total  RNA  was  extracted  from  MRC-5  cells  at  various  cell  cycle  stages, 
electrophoresed  on  a  1%  formaldehyde-agarose  denaturing  gel,  and  the  location  of  28S 
and  18S  rRNA  bands  were  measured  for  subsequent  use  as  relative  size  markers  (data  not 
shown).  The  RNA  gel  was  then  Northern  blotted,  fixed  onto  nylon  membrane  (see 
Methods  &  Materials),  pre-hybridized,  and  probed  with  a-[32P]  dATP-labeled  human 
FEN1  cDNA. 


Figure  4-11A/B/C/D/E  showing  FEN1,  PCNA,  GAPDH  Northerns  and  Excel  graphs 

Figure  4-1 1 A  shows  that  no  FEN1  mRNA  was  detected  at  TO  (cells  in  Go), 
but  low  levels  of  FEN1  transcripts  were  detected  by  10  hours  (T10)  following  re-feeding. 
FEN1  expression  increased  throughout  Gi  and  early  S  phase  and  peaked  between  T  21 
and  T  24,  which  coincides  with  early/mid-S  phase  (based  on  FACS  data  in  Figure  4-10A) 
for  those  cells  that  had  re-entered  the  cell  cycle  and  were  stimulated  to  proliferate. 

To  eliminate  any  differences  arising  from  unequal  loading,  the  blot  was  re-probed 
with  a-[32P]  dATP-labeled  GAPDH  cDNA  (Figure  4-1 1C).  GAPDH  mRNA  levels  show 


no 


little  variation  during  the  cell  cycle  (Dani  et  al.,  1984)  and  variations  in  GAPDH  band 
intensities  noted  here  should  be  the  result  of  total  RNA  loading  variations  and  not  cell 
cycle-dependent  changes  in  expression.  As  can  be  seen  (Figure  4-1 1C),  only  minor 
variations  in  GAPDH  mRNA  were  witnessed,  with  slightly  less  mRNA  detected  at  TO, 
and  slightly  more  GAPDH  mRNA  detected  at  T18  and  in  asynchronous  cell  samples. 

When  FEN1  band  intensities  (as  determined  by  densitometry  measurements)  were 
normalized  against  the  GAPDH  control  (Figure  4-1 1C),  it  confirmed  that  FEN1  mRNA 
levels  were  higher  at  T  21  and  T  24  than  in  either  T  37  or  asynchronous,  cycling  cell 
populations  (Figure  4-1  ID).  This  strongly  suggests  that  FEN1  mRNA  levels  are 
controlled  in  a  cell  cycle-dependent  manner  in  primary  cells,  with  peak  expression 
coincident  with  DNA  replication. 

Because  FEN1  mRNA  levels  appeared  to  mirror  PCNA  mRNA  levels  during  the 
HeLa  cell  cycle,  I  next  examined  PCNA  mRNA  levels  in  synchronized  MRC-5  cells  by 
stripping  the  blot  and  re-probing  with  a-[32P]  dATP-labeled  human  PCNA  cDNA 
(Figures  4-1  IB).  In  addition,  PCNA  mRNA  levels  were  also  normalized  (Figure  4-1  IE) 
against  loading  differences  detected  by  the  GAPDH  control  probe  (Figure  4-1 1C). 
Unlike  FEN1,  PCNA  mRNA  is  detected  at  low  levels,  even  in  quiescent  cells  (TO). 
However,  similar  to  FEN1  (compare  Figures  4-1 1 A  and  4-1  IB),  PCNA  expression  does 
appear  to  increase  in  a  cell  cycle-dependent  manner,  with  peak  mRNA  levels  coincident 
with  DNA  replication,  between  T  21  and  T  24  (Figure  4-1  IE).  Additionally,  it  also 
appears  that  PCNA  mRNA  levels  in  asynchronous  populations  (Figure  4-1  IB)  may  be 
higher  than  peak  PCNA  mRNA  levels  (T24)  detected  in  the  MRC-5  synchronization  by 
serum  starvation.  The  reason  for  this  is  currently  unclear. 
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Comparing  Figures  4-1  ID  and  4-1  IE,  it  appears  that  both  FEN1  and  PCNA 
mRNA  levels  increase  approximately  two-fold  as  synchronized  MRC-5  cell  populations 
progress  from  early  Gi  (T10)  towards  S  phase  (T21/T24).  Peak  FEN1  and  PCNA  mRNA 
levels  occur  between  T21  and  T24,  which  again  corresponds  to  mid-S  phase  based  on 
FACS  data  (Figure  4-10A).  It  should  also  be  noted  that  peak  expression  of  FEN1  mRNA 
in  this  primary  line  appeared  to  occur  in  mid-S  phase  (Figure  4- 10 A),  which  is  slightly 
later  than  the  peak  expression  at  the  Gi/S  transition  observed  for  the  transformed  (HeLa) 
line  (Figure  4-2).  It  is  currently  unknown  whether  this  reflects  a  real  difference  between 
primary  and  transformed  lines,  or  a  difference  that  occurred  as  a  result  of  the 
synchronization  methods  employed. 

4-2.10:  Analysis  of  NP40-soliibIe  FEN1  Protein  from  Synchronized  MRC5  Cells 

I  have  shown  that  in  HeLa  cells,  FEN1  mRNA  levels  increase  as  cells  approach  S 
phase  (Figure  4-2D),  and  that  soluble  FEN1  protein  levels  subsequently  reflect  this 
observed  increase  (Figures  4-4B  &  4-5).  Having  now  demonstrated  that  FEN1  mRNA 
levels  similarly  increase  in  primary  cells  (MRC-5)  as  they  reach  S  phase  of  the  cell  cycle, 
it  was  important  to  determine  levels  of  FEN  1  protein  and  its  relative  solubility  throughout 
the  cell  cycle. 

To  ensure  complete  extraction  of  all  soluble  protein,  cell  pellets,  containing  1.2  X 
106  cells,  were  initially  lysed  in  2  mis  of  NP40  lysis  buffer.  A  2  ml  extraction  volume 
was  used  here  due  to  lower  cell  counts  in  MRC-5  synchronizations  compared  to  HeLa 
cell  synchronization  experiments  described  earlier  (Section  4-2.2).  Following 
centrifugation,  supernatants  containing  NP40-soluble  protein  were  collected  for  analysis 


and  remaining  pellets  were  resuspended  in  small  volumes  of  NP40  lysis  buffer  containing 
200  pg/ml  DNAase  I,  to  release  any  DNA-bound  protein.  Cell  pellets  after  DNAase  I 
extraction  were  finally  solubilized  in  SDS  loading  buffer  to  extract  any  remaining 
insoluble  protein. 

Samples  of  NP40-soluble  protein  from  cells  at  different  cell  cycle  stages  (Figure 
4- 10 A)  were  separated  by  10%  SDS-PAGE  and  Coomassie-stained  (Figure  4- 12 A)  or 
western  blotted  and  probed  with  anti-FENl  antibody,  3220  (1:4000)  (Figure  4-12B).  It 
should  be  noted  that  the  membrane  was  originally  probed  with  anti-Xenopus  FEN1 
antibody,  but  the  exact  FEN1  band  was  unclear  and  difficult  to  analyze  (data  not  shown). 

Figure  4-12A/B/C  showing  MRC5  NP40  Coomassie  and  western  probes 

Although  detected  levels  of  protein  were  low,  possibly  due  to  the  large  extraction 
volumes  used,  a  subtle  increase  in  NP40-soluble  FEN1  protein  was  still  noted  as  cells 
progressed  from  quiescence  (TO)  until  mid-S  phase  (T24).  It  is  interesting  to  note  that 
FEN1  levels  were  still  detectable  after  a  55  hour  serum  starvation  (TO),  but  appeared 
much  higher  by  37  hours  (T37)  after  re-feeding,  as  well  as  in  the  asynchronous 
population  fractions  (A/S).  However,  after  accounting  for  loading  variations,  FEN1 
protein  in  the  T  37  fraction  approaches  asynchronous  fraction  levels  (data  not  shown). 

Following  the  FEN1  antibody  probe,  the  western  blots  were  re-probed  with  the 
anti-PCNA  antibody,  PC10  (1:1000).  Figure  4-12C  shows  detectable  levels  of  PCNA 
protein,  even  at  TO,  with  a  gradual  increase  as  cells  progressed  toward  mid-S  phase 
(T24).  It  should  also  be  noted  that  the  observed  higher  levels  of  PCNA  protein  detected 


at  TO,  compared  to  FEN1  protein  levels  in  Figure  4-12B,  may,  at  least  in  part,  be  due  to 
basal  levels  of  PCNA  gene  transcription  in  quiescent  cells  (TO,  Figure  4-1  IB)  not 
observed  with  the  FEN1  mRNA  probe  (TO,  Figure  4-1 1  A). 

4-2.11:  Analysis  of  DNAase  I  and  SDS-Soluble  FEN1  Protein  in  MRC-5  Cells 

I  wanted  to  determine  if  the  pattern  of  NP40-insoluble  FEN1  and  PCNA  protein 
observed  in  synchronized  HeLa  cells  would  be  similar  in  synchronized  MRC-5  cells.  To 
examine  this,  following  extraction  of  soluble  protein,  remaining  MRC5  cell  pellets  were 
extracted  with  small  volumes  of  NP40  lysis  buffer  containing  200  pg/ml  DNAase  I  to 
remove  DNA-bound  proteins,  and  remaining  cell  pellets  were  finally  re-suspended  in 
SDS  loading  buffer  to  release  any  remaining  protein.  Following  protein  extraction,  20  pi 
aliquots  from  each  time-point,  representing  distinct  cell  cycle  phases  (Figure  4- 10 A), 
were  separated  by  10%  SDS-PAGE  and  Coomassie-stained  (Figure  4-13A)  or  western 
blotted,  and  probed  with  anti-Xenopus  FEN1  (Figure  4-13B,  4-1 3D)  then  anti-PCNA 
(Figure  4-13C,  4-13E)  antibodies. 

Figure  4-13A/B/C/D  of  DNAase  &  SDS  Coomassies  and  western  probes 

No  FEN1  was  detected  in  DNAase  I  fractions  (Figure  4-13B).  Interestingly, 
analysis  of  SDS-soluble  FEN1  (Figure  4-13D)  shows  that  low  levels  of  insoluble  FEN1 
could  be  detected  following  the  55  hour  serum  starvation  (TO).  Additionally,  SDS- 
soluble  FEN1  levels  were  higher  by  10  hours  after  re-feeding  (T10),  and  then  appeared  to 
remain  relatively  constant  in  all  subsequent  time-points  analyzed.  This  observation  of 


relatively  stable  levels  of  insoluble  FEN1  protein  over  the  cell  cycle  parallels  similar 
results  observed  in  synchronized  HeLa  cells  (Figure  4-8B).  It  is  currently  not  known 
whether  the  low  levels  of  SDS-soluble  FEN1  at  TO,  following  serum  starvation,  are  the 
result  of  proteolysis,  nuclear  export,  or  lower  FEN1  protein  levels  relative  to  total  cellular 
protein.  Additionally,  the  low  level  of  SDS-soluble  FEN1  observed  at  TO  may  also  be 
influenced  by  the  lack  of  detectable  FEN1  mRNA  following  the  55  hour  serum  starvation 
(TO)  (Figure  4-1 1A). 

An  analysis  of  PCNA  protein  levels  show  that  significant  levels  of  DNAase  I- 
soluble  (Figures  4-13C)  and  SDS-soluble  (Figures  4-13E)  PCNA  protein  were  detected 
initially  at  T18,  which  from  FACS  data  (Figure  4- 10 A),  represents  the  start  of  S  phase. 
Additionally,  the  levels  of  DNAase  I-soluble  and  SDS-soluble  PCNA  protein  increased 
as  cells  progressed  from  early  (T18)  to  mid-S  phase  (T24).  The  higher  levels  of  SDS- 
soluble  PCNA  observed  here  (Figure  4-1 3E)  probably  represents  less  efficient  DNAase  I 
digestion  of  MRC-5  cell  pellets  than  was  previously  observed  in  synchronized  HeLa  cell 
pellets  (Figures  4-6C,  4-7B,  4-8C). 

4-2.12:  NP40-soluble  FEN1  Protein  Sedimentation  in  Glycerol  Gradients 

I  have  demonstrated  that  FEN1  mRNA  and  protein  levels  increase  in 
primary  (MRC-5)  and  transformed  (HeLa)  cells  as  they  progress  from  early  Gi  towards  S 
phase  of  the  cell  cycle.  In  addition,  because  FEN1  has  been  shown  to  interact  with 
PCNA  in  vitro  (Li  et  al.,  1995;  Chen  et  al.,  1996)  and  is  suspected  to  interact  with  PCNA 
in  an  S  phase-specific  manner  in  vivo  (Warbrick  et  al .,  1997;  Lieber,  1997),  I  expected  to 
see  both  proteins  extracted  in  synchronized  cells  under  similar  conditions  (ie.  DNAase  I 


treatment).  However,  this  was  not  observed  as  FEN1  protein  was  detected  in  SDS- 
soluble  fractions  (Figure  4-8B),  where  PCNA  was  barely  detectable  (Figure  4-8C) 
because  it  had  been  released  previously  by  DNAase  I  treatment.  Because  it  appears  that 
FEN1  protein  does  not  exhibit  significant  cell  cycle-dependent  solubility  changes, 
indicative  of  sequestration  to  less  soluble  cellular  components,  it  is  logical  to  next 
examine  if  FEN1  protein  interacts  with  other  soluble  proteins  that  may  regulate  its 
function. 

In  the  absence  of  antibodies  that  can  immunoprecipitate  FEN1  protein  (see 
Chapter  3),  possible  changes  in  FEN1  association  with  other  proteins  may  be  assessed  by 
glycerol  gradient  centrifugation.  Significant  changes  in  the  sedimentation  velocity  of 
soluble  FEN1  protein  during  glycerol  gradient  centrifugation  may  indicate  changes  in  the 
quartemary  structure  of  FEN  1  protein;  specifically,  it  may  indicate  if  FEN1  binds  other 
soluble  cell  components  in  a  cell  cycle-dependent  manner. 

Soluble  native  proteins  are  expected  to  separate  during  density-gradient 
centrifugation  according  to  their  molecular  weight  and  shape  (Rickwood,  1978).  If 
soluble  FEN1  binds  other  soluble  proteins,  significantly  altering  its  molecular  weight  or 
shape,  it  is  possible  that  those  changes  may  be  observed  as  a  change  in  sedimentation 
velocity  during  glycerol  gradient  centrifugation. 

To  examine  soluble  FEN1  protein  sedimentation  velocities  during  the  various  cell 
cycle  phases,  approximately  150  pg  of  NP40-soluble  protein  (in  200  pi  volumes)  from 
mitotic  (TO),  mid-Gi  (T6),  Gi/S  (T10),  and  mid-S  (T13)  HeLa  cell  populations  (Figure  4- 
1)  were  separated  on  a  5  ml  15-30%  glycerol  gradient  (See  Methods  &  Materials). 


Aliquots  from  alternate  fractions  were  separated  by  10%  SDS-PAGE,  western  blotted, 
and  probed  with  anti-Xenopus  FEN1  polyclonal  antibodies  (Figure  4-14  A). 

Figure  4-14A  shows  that  soluble  FEN1  protein  can  be  detected  in  numerous 
fractions  from  all  time-points  investigated,  with  mitotic  (TO)  HeLa  cells  appearing  to 
exhibit  two  peak  FEN1  fractions  (fractions  9  &  23).  The  mid-Gi  gradient  (T6)  shows 
maximal  levels  of  FEN  1  detected  in  fraction  11,  but  a  second  peak  fraction  is  unclear. 
The  Gi/S  (T10)  and  mid-S  gradients  also  appear  to  exhibit  two  peak  fractions,  both  at 
fractions  13  and  25.  It  appears  that  as  HeLa  cells  exit  mitosis  and  progress  from  early  Gi 
towards  S  phase  of  the  cell  cycle,  the  FEN1  sedimentation  velocity  appears  to  decrease 
slightly.  This  result  suggests  that  soluble  FEN1  protein  may  witness  post-translational 
modifications  or  disassociate  from  other  soluble  proteins  as  synchronized  HeLa  cells 
progress  from  early  Gi  towards  S  phase  of  the  cell  cycle. 

The  same  blots  were  subsequently  re-probed  with  anti-PCNA  monoclonal 
antibody,  PC  10  (Figure  4-14B).  As  can  be  seen,  soluble  PCNA  protein  was  also  detected 
in  numerous  fractions  from  all  time-points  examined,  with  mitotic  (TO)  HeLa  cell 
populations  appearing  to  exhibit  three  separate  peak  PCNA  protein  fractions  (9,  17,  25). 
The  mid-Gi  gradient  (T6)  shows  maximal  levels  of  soluble  PCNA  protein  detected  in 
fractions  1 1,  15,  and  21.  The  Gj/S  transition  (T10)  and  mid-S  (T13)  phase  gradients  also 
appear  to  exhibit  three  separate  peak  PCNA  fractions  at  13,  17,  21  and  15,  19,  23, 
respectively.  Similar  to  what  was  observed  with  soluble  FEN1  protein,  it  appears  that  as 
HeLa  cell  populations  exit  mitosis  and  progress  from  early  Gi  towards  S  phase  of  the  cell 
cycle,  the  soluble  PCNA  protein  sedimentation  velocity  appears  to  decrease  slightly. 
Although  not  conclusive,  this  result  may  suggest  that  soluble  PCNA  protein  may  witness 


post-translational  modifications  or  possibly  dissociate  and  re-associate  with  other  soluble 
proteins  as  synchronized  HeLa  cell  populations  progress  from  early  Gi  towards  S  phase 
of  the  cell  cycle. 

4-3:  Discussion 

There  is  strong  in  vitro  evidence  suggesting  an  essential  role  for  FEN1  protein  in 
nuclear  DNA  replication.  Studies  using  purified  proteins  (Goulian  et  al.,  1990;  Turchi 
and  Bambara,  1993)  and  SV40  DNA  replication  assays  (Ishimi  et  al.,  1988;  Waga  et  al., 
1994)  have  demonstrated  that  FEN1  protein  can  excise  DNA  and  RNA  intermediate 
structures  formed  during  Okazaki  fragment  processing  (Li  et  al.,  1995;  Wu  et  al.,  1996; 
Huang  et  al.,  1996),  and  that  FEN1  protein  is  absolutely  required  for  the  production  of 
form  I  DNA  during  SV40  DNA  replication  (Waga  et  al.,  1994).  In  addition,  studies  of 
human  FEN1  homologues  in  yeast  (RAD27  in  S.  cerevisiae  and  rad2  in  S.  pombe )  have 
shown  that  FEN1  mutants  exhibit  high  levels  of  genomic  instability  (Johnson  et  al.,  1995; 
Schweitzer  et  al.,  1998)  and  a  temperature-sensitive  lethality  whose  terminal  arrest 
phenotype  suggests  a  defect  in  DNA  replication  (Reagan  et  al.,  1995;  Kokoska  et  al., 
1998). 

Given  the  putative  role  of  FEN1  in  mammalian  DNA  replication,  a  detailed 
analysis  of  human  FEN1  mRNA  and  protein  levels  in  primary  and  transformed  human 
cell  lines  was  carried  out  to  determine  if  FEN1  levels  exhibit  a  pattern  of  cell  cycle- 
dependent  expression  that  has  been  witnessed  with  other  proteins  known  to  be  required 
for  nuclear  DNA  replication  such  as  thymidine  kinase  (Schlosser  et  al.,  1981), 


topoisomerase  I  (Tricoli  et  al.,  1985),  DNA  Pol  a  (Thommes  et  al.,  1986),  and  PCNA 
(Morris  and  Mathews,  1989). 

In  this  chapter,  the  synchronization  and  analysis  of  both  a  primary  (MRC-5)  and 
transformed  (HeLa)  cell  line  revealed  that  human  FEN1  mRNA  expression  is  controlled 
in  a  cell  cycle-dependent  manner,  with  peak  mRNA  levels  occurring  coincident  with  the 
onset  of  DNA  replication  (Figures  4-2A/D  &  4-11  A/D).  In  this  respect,  FEN1  mRNA 
levels  appear  to  follow  the  same  pattern  as  another  well-characterized  DNA  replication 
protein,  PCNA  (Bravo  and  Bravo-MacDonald,  1985;  Morris  and  Mathews,  1989;  Figures 
4-2B/E  &  4-1 1B/E). 

Further  studies  reported  here  also  show  that  NP40-soluble  FEN1  protein  levels 
measurably  increase  in  a  cell  cycle-dependent  manner  (Figures  4-5B  &  4-12B),  with  peak 
soluble  protein  levels  detected  shortly  after  maximum  mRNA  levels  were  attained  during 
S  phase.  Again,  this  cell  cycle-dependent  increase  in  soluble  FEN1  protein  was  similar  to 
that  of  soluble  PCNA  protein  (Figures  4-5C  &  4-12C;  Almendral  et  al.,  1987;  Matsumoto 
et  al.,  1987;  Morris  and  Mathews,  1989).  Additionally,  although  FEN1  mRNA  and 
soluble  protein  levels  increase  as  mitotically-arrested  or  quiescent  cells  are  released  from 
cell  cycle  arrest  and  progress  from  early  Gi  towards  S  phase  of  the  cell  cycle,  they  appear 
to  stabilize  at  steady-state  levels  in  continuously  cycling  populations  (Figures  4-2A  &  4- 
11A).  This  steady-state  level  of  soluble  FEN1  protein  in  cycling  cell  populations  is 
similar  to  that  observed  with  PCNA  (Figures  4-2B  &  4-1  IB;  Morris  and  Mathews,  1989). 

Previous  in  vitro  studies  suggest  that  FEN1  activity  is  stimulated  by  interaction 
with  PCNA  protein  during  Okazaki  fragment  processing  in  DNA  replication.  This 
interaction  has  been  demonstrated  by  in  vitro  experiments  with  purified  recombinant 


proteins  (Li  et  al.,  1995;  Wu  et  al.,  1996),  Far-Western  blotting  (Warbrick  et  al.,  1997), 
and  co-immunoprecipitations  (Chen  et  al.,  1996;  Warbrick  et  al.,  1997).  In  addition,  a 
PCNA  binding  domain  has  been  mapped  on  FEN1  (Warbrick  et  al.,  1997)  and 
subsequent  mutagenesis  studies  with  purified  recombinant  proteins  (Jonnson  et  al.,  1998) 
have  supported  that  result. 

Based  on  these  findings,  I  expected  FEN1  protein  to  mirror  PCNA  protein 
solubility  patterns  in  synchronized  cell  populations.  After  extraction  of  soluble  cellular 
protein,  large  amounts  of  PCNA  protein  were  found  to  be  associated  with  DNA  and 
could  be  extracted  from  remaining  cell  pellets  by  DNAase  I  digestion  (Figures  4-6C  &  4- 
13C).  DNA-associated  PCNA  could  be  detected  preferentially  in  S  phase  populations, 
supporting  its  role  in  DNA  synthesis  (Madsen  and  Celis,  1985;  Bravo  and  MacDonald- 
Bravo,  1985, 1987;  Figures  4-1, 4-6C,  4-10A,  4-13C).  Surprisingly,  very  little  FEN1  was 
detected  by  western  blotting  DNAase  I  extracts  of  S  phase  cells  (Figure  4-6A),  despite 
observing  high  levels  of  DNAase  I-extracted  PCNA  (Figure  4-6B)  on  the  same  blot.  It 
has  been  previously  speculated  (Warbrick  et  al.,  1997;  Lieber,  1997)  that  the  FEN1- 
PCNA  association  may  be  a  very  transient  association  and  that  PCNA  may  serve  only  to 
either  stimulate  FEN1  enzymatic  activity  (Li  et  al.,  1995)  or  stabilize  FEN1  protein  on 
DNA  structures  in  physiological  salt  conditions  (Wu  et  al.,  1996).  The  latter  proposal  is 
supported  by  evidence  showing  dramatic  inhibition  of  FEN1  nuclease  activity  in 
physiological  salt  conditions  in  the  absence  of  PCNA  (Harrington  and  Lieber,  1994),  and 
efficient  processing  of  DNA  flap  structures  under  the  same  conditions  in  the  presence  of 
PCNA  protein  (Wu  et  al.,  1996).  The  extremely  low  levels  of  DNAase  I-extracted  FEN1 
protein  detected  in  S  phase  HeLa  cell  populations  (Figure  4-6A),  and  the  total  lack  of 
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DNAase  I-extracted  FEN1  protein  detected  in  S  phase  MRC-5  cells  (Figure  4-1 3B), 
suggests  either  that  the  FEN1-PCNA  association  may  be  very  transient  and  difficult  to 
detect  at  physiological  protein  levels,  or  that  the  association  does  not  take  place  between 
DNA-bound  PCNA  and  FEN1  protein. 

Another  surprising  result  was  the  presence  of  a  population  of  insoluble  FEN1 
protein  that  remained  in  cell  pellets  even  after  NP40  extraction  of  soluble  protein, 
multiple  washes  of  remaining  cell  pellets,  and  DNA  digestion  with  DNAase  I  (Figures  4- 
8B,  4-13C).  Unlike  insoluble  PCNA  protein  that  was  associated  with  S  phase 
populations  and  could  be  extracted  with  DNAase  I  treatment  (Figures  4-6C,  4-13C), 
insoluble  FEN1  protein  was  detected  in  all  phases  of  the  cell  cycle  and  could  not  be 
extracted  with  DNAase  I  treatment.  This  result,  combined  with  the  putative  FEN1  C- 
terminal  nuclear  localization  signal  (Murray  et  al.,  1994)  and  the  finding  that  GFP-tagged 
FEN1  is  a  predominantly  nuclear  protein  (Chapter  3,  Figures  3-12,  3-13),  suggest  that 
basal  levels  of  insoluble  FEN1  protein  may  be  maintained  in  the  nucleus  throughout  the 
cell  cycle.  In  addition,  SDS-soluble  FEN1  protein  levels  may  actually  decrease  during  S 
phase  (Figure  4-8B).  If  confirmed,  this  may  suggest  that  after  translation,  a  proportion  of 
soluble  FEN1  protein  is  imported  to  the  nucleus  to  maintain  a  certain  level  of  insoluble 
nuclear  protein.  During  DNA  replication,  it  is  possible  that  previously  insoluble  FEN1 
protein  becomes  soluble  and  subsequently  functions  during  Okazaki  fragment  processing. 
This  hypothesis  needs  to  be  investigated  in  the  future.  If  supported,  the  sub-nuclear 
localization  of  insoluble  FEN1  protein,  its  protein  partners,  and  signals  that  release  it  to 
function  during  DNA  replication  (eg.  phosphorylation,  ADP-ribosylation,  etc.)  would 
need  to  be  investigated. 
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Lastly,  the  results  of  the  glycerol  gradients  suggest  that  soluble  FEN1  may 
experience  either  cell  cycle-dependent  association  with  other  soluble  proteins  or  post- 
translational  modifications  that  effect  its  sedimentation  during  glycerol  gradient 
centrifugation.  The  significance  of  this  observation  is  still  unclear,  but  the  development 
of  high-affinity  antibodies  in  the  future  may  allow  co-immunoprecipitation  of  FEN1 
protein  complexes  from  synchronized  cell  extracts,  and  the  possible  identification  of  cell 
cycle-dependent  FEN1  -binding  partners.  Interestingly,  soluble  PCNA  protein  in  complex 
with  various  cyclins/CDKs  and  P21  protein  has  been  previously  co-immunoprecipitated 
from  [35S]-labeled  WI-38  cell  lysates,  and  specific  complex  proteins  subsequently 
identified  (Zhang  et  al.,  1993).  In  addition,  phosphatase  treatment  or  poly-ADP- 
ribosylation  (PARP)  studies,  similar  to  investigations  done  previously  with  other  DNA 
replication  proteins  (Simbulan-Rosenthal,  1996),  may  elucidate  possible  cell  cycle- 
dependent  post-translational  modifications  of  either  soluble  or  nuclear-insoluble  FEN1 
protein  that  may  serve  to  regulate  its  sub-cellular  localisation  and/or  enzymatic  function. 
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Figure  4-1.  FACS  analysis  of  HeLa  synchronization.  Cells  were  arrested  in  mitosis 
using  a  24  hour  double  block  with  2  mM  thymidine  and  20  ng/ml  nocodazole,  and 
released  from  mitotic  arrest  by  resuspending  cells  in  fresh  media  supplemented  with 
10%  FCS.  Cells  were  harvested  at  various  times,  methanol-fixed,  and  stained  with 
propidium  iodide  (PI)  (25  pg/ml).  Times  indicated  are  measured  from  release  from  the 
mitotic  block  (TO).  The  X-axis  indicates  fluorescence  intensity  measuring  DNA 
content  (PI  staining  intensity)  and  the  Y-axis  indicates  relative  cell  numbers.  Non- 
gated  analysis  of  this  method  of  synchronization  reveals  that  greater  than  75%  of  the 
cells  were  arrested  at  G2/M  (TO).  The  approximate  cell  cycle  stage  of  cell 
populations  analyzed,  as  determined  by  DNA  content,  is  also  indicated  (in 
parentheses). 
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Figure  4-2.  FEN1  and  PCNA  mRNA  levels  throughout  the  HeLa  cell  cycle.  Total  RNA 
was  extracted  from  cells  at  various  time-points  during  three  separate  HeLa  synchronizations 
and  15  pg  from  each  was  electrophoresed  on  the  same  1%  fonnaldehyde-  agarose  gel.  The 
gel  was  Northern  blotted  and  probed  with  [a-32P]  dATP-labelled  (A)  FEN1  cDNA,  (B) 
PCNA  cDNA,  or  (C)  GAPDH  cDNA  control  probe.  The  results  show  a  definitive  cell  cycle- 
associated  expression  of  both  FEN1  and  PCNA,  with  peak  levels  occurring  coincident  with 
early  S  phase  (T10/T13).  A/S  1-3  are  RNA  samples  from  asynchronous  HeLa  populations 
harvested  prior  to  the  start  of  each  synchronization.  28S  and  18S  rRNA  bands  were  used  to 
verify  expected  RNA  sizes  during  probing  (not  shown).  Approximate  transcript  sizes 
detected:  FEN1  2.2  kb;  PCNA  1.7  kb;  GAPDH  1.4  kb. 
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Figure  4-2  (cont.).  Normalized  levels  of  FEN1  and  PCNA  mRNA 
throughout  the  HeLa  cell  cycle.  Following  probing  of  Northern  blots  with 
[a-32P]  dATP-labeled  FEN1,  PCNA,  and  GAPDH  cDNA  probes,  mRNA 
levels  of  both  FEN1  and  PCNA  were  normalized  for  loading  variations  by 
comparison  with  levels  of  the  control  probe,  GAPDH,  using  a  BioRad  GS- 
670  Imaging  Densitometer.  (D)  normalized  FEN1  mRNA  and  (E)  PCNA 
mRNA  levels  from  0-21  hours  after  release  of  HeLa  cell  populations  from 
mitotic  arrest.  The  results  from  three  independent  synchronization 
experiments  are  shown.  The  Y-axis  indicates  normalized  mRNA  levels  (in 
arbitrary  units)  and  the  X-axis  indicates  the  time  (in  hours)  cell  populations 
were  harvested  following  release  from  mitotic  block  (TO). 
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Figure  4-3.  NP40-soluble  FEN1  and  PCNA  protein  levels  over  the  HeLa  cell 
cycle.  HeLa  cells  were  synchronized,  released  and  harvested  from  early  G,  (T3) 
through  to  late  S  phase  (T16)  of  the  cell  cycle.  Soluble  protein  was  extracted  using 
600  pi  NP40  lysis  buffer  and  aliquots  of  the  various  time-points  were  run  on  10% 
SDS-PAGE  and  Coomassie-stained  (A),  or  western  blotted,  and  probed  with  either  (B) 
anti-Xenopus  FEN1  polyclonal  antibody  (1:2000)  or  (C)  anti-PCNA  monoclonal 
antibody,  PC  10  (1 : 1000).  Soluble  protein  from  equal  cell  numbers  are  loaded  to  the 
left  of  the  marker  (M)  and  to  the  right  of  the  marker,  fractions  were  loaded  to  equalize 
total  protein  from  the  various  time-points.  In  both  instances,  it  appears  that  soluble 
FEN1  and  PCNA  protein  levels  remain  constant  over  the  cell  cycle.  Times  indicated 
are  from  release  from  the  nocodazole  block  (TO).  Molecular  weight  marker  sizes  are 
depicted  in  the  centre. 
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Figure  4-4.  Sequential  extraction  of  NP40-soluble  FEN1  and  PCNA  protein 
from  synchronized  HeLa  cell  populations.  HeLa  cells  were  synchronized  with 
excess  thymidine  and  nocodazole  and  harvested  at  various  points  during  the  cell 
cycle.  Cell  pellets  were  initially  extracted  in  600  pi  NP40  lysis  buffer  (NP40 
fractions),  centrifuged,  and  remaining  pellets  were  washed  twice  (NP40  wash  1  & 
2)  in  200  pi  of  NP40  buffer.  Protein  from  equivalent  cell  numbers  was  separated 
by  10%  SDS-PAGE  and  Coomassie  stained  (A) ,  or  western  blotted,  and  probed 
with  (B)  anti-Xenopus  FEN1  antibody  (1:2000)  or  (C)  anti-PCNA  (PC10) 
monoclonal  antibody  (1:1 000).  Note  that  soluble  FEN1  and  PCNA  protein  were 
detected  in  increasing  amounts  over  the  cell  cycle  in  wash  1  and  only  detected  in 
T13  and  T16  of  the  second  NP40  wash.  The  molecular  weight  marker  sizes  are 
depicted  on  the  left. 
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Figure  4-5.  Analysis  of  soluble  FEN1  and  PCNA  protein  levels  as 
HeLa  cell  populations  progress  from  Gj  towards  S  phase  of  the 
cell  cycle.  HeLa  cells  were  synchronized  and  NP40-soluble  protein 
from  equivalent  cell  numbers  was  extracted  at  various  times  during 
the  cell  cycle.  Equal  volumes  from  each  time-point  were  separated  by 
10%  SDS-PAGE  and  Coomassie-stained  (A).  The  same  samples  were 
also  analyzed  in  parallel  by  western  blotting,  and  probing  with  (B) 
anti-Xenopus  FEN1  polyclonal  antibody  (1:2000),  then  (C)  anti- 
PCNA  monoclonal  antibody,  PC  10  (1:1000),  followed  by  ECL 
detection.  Molecular  weight  marker  (Lane  M)  sizes  are  indicated  to 
the  right-hand-side  of  the  gel  (A). 
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Figure  4-6.  DNase  I-extracted  protein  from  synchronized  HeLa  cells.  Following 
NP40  extraction  of  soluble  protein  from  synchronized  HeLa  cell  populations, 
remaining  cell  pellets  were  subjected  to  DNase  I  treatment  (200  pg/ml)  to  remove 
DNA-bound  proteins,  and  equal  volumes,  representing  equivalent  cell  numbers,  were 
separated  by  10%  SDS-PAGE  and  Coomassie- stained  (A)  or  western  blotted,  and 
probed  with  (B)  anti-Xenopus  FEN1  (1:2000)  polyclonal  antibody,  then  (C)  anti-PCNA 
monoclonal  antibody,  PC  10  (1:1000),  followed  by  ECL  detection.  Molecular  weight 
marker  (Lane  M)  sizes  are  indicated  to  the  right-hand-side  of  the  gel  (A).  Although 
significant  levels  of  DNase  I-extractable  PCNA  protein  were  detected,  primarily  in  S 
phase  (T10,  T13,  T16),  no  DNase  I-extractable  FEN1  protein  was  detected  at  any  time 
during  the  cell  cycle  (T3-T16). 
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Figure  4-7.  Extraction  of  DNA-bound  protein  from 
synchronized  HeLa  cell  populations.  HeLa  cell  populations  were 
synchronized  in  mitosis,  released,  and  harvested  throughout  the  cell 
cycle  (T3-T16).  Following  extraction  of  soluble  protein  with  NP40 
lysis  buffer,  DNase  I-soluble  protein  was  extracted  from  remaining 
cell  pellets  with  200  pg/ml  DNase  I.  25  pi  aliquots  from  each  time- 
point  (approximately  2X  the  amount  loaded  in  Figure  4-6)  were 
separated  by  8%  SDS-PAGE,  western  blotted,  and  probed  with  (A) 
anti-Xenopus  FEN1  (1:2000),  then  (B)  anti-PCNA  antibody,  PC  10 
(1: 1000),  followed  by  ECL  detection.  Time-points  are  from  release 
of  the  mitotic  block  (TO).  Molecular  weight  marker  sizes  are 
indicated  on  the  left.  It  should  be  noted  that  the  image  in  (A)  has 
been  significantly  enhanced  on  scanning  to  show  the  FEN1  protein 
that  was  detected  during  the  antibody  probing  and  does  not  reflect 
relative  protein  levels  compared  to  the  non-enhanced  PCNA  image. 
Significant  levels  of  PCNA  protein  were  detected,  preferentially  in 
S  phase  (T10, 13,  16)  populations. 


Figure  4-8.  Analysis  of  SDS-soluble  FEN1  protein  detected  throughout  the 
HeLa  cell  cycle.  Following  NP40  and  DNase  I-extraction  of  protein  from 
synchronized  HeLa  cell  populations,  remaining  cell  pellets  were  solubilized  in 
SDS-loading  buffer.  Equal  volumes,  representing  equivalent  cell  numbers,  from 
various  time-points  throughout  the  cell  cycle  (T3-T16),  were  separated  by  10% 
SDS-PAGE  and  Coomassie-stained  (A).  The  same  samples  were  also  analyzed  in 
parallel  by  western  blotting  and  probing  with  (B)  anti-Xenopus  FEN1  (1:2000) 
polyclonal  antibody,  then  (C)  anti-PCNA  monoclonal  antibody,  PC10  (1:1000), 
followed  by  ECL  detection.  The  molecular  weight  marker  sizes  are  depicted  to  the 
right  of  the  gel  (in  kDa).  Significant  levels  of  SDS-soluble  FEN1  protein  was 
detected  throughout  the  cell  cycle  (T3-T16)  in  synchronized  HeLa  cells  after 
protein  extraction  with  NP40  and  DNase  I,  while  PCNA  protein  was  only  detected 
in  S  phase  (T13,  T16)  populations.  Times  indicated  are  from  release  of  mitotic 
arrest  (TO). 


Figure  4-9.  FACS  analysis  of  a  pilot  study  on  MRC-5 
primary  cell  line  synchronized  by  serum  starvation  for  55 
hours.  MRC-5  cells  in  passage  31  were  synchronized  by  a  55 
hour  incubation  in  DMEM  supplemented  with  0.5%  FCS. 
Times  indicated  above  are  from  time  of  re-feeding  in  DMEM 
supplemented  with  15%  FCS  (TO).  Cells  were  fixed  in  75% 
methanol  and  stained  with  25  pg/ml  propidium  iodide.  10,000 
events  were  counted  at  each  time-point  and  populations  were 
gated  to  remove  background  fluorescence. The  X-axis 
indicates  fluorescence  intensity  measuring  DNA  content  and 
the  Y-axis  indicates  relative  cell  numbers.  The  approximate 
cell  cycle  stage  of  cell  populations  analyzed  is  also  indicated 
above  (in  parentheses).  The  J — |  in  some  figures  was  used 
during  analysis  to  measure  population  percentages  at  various 
cell  cycle  times.  At  TO,  over  75%  of  MRC-5  cells  have  the 
DNA  complement  (fluorescence  intensity)  of  G0/G]  cells, 
suggesting  efficient  synchrony. 
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Figure  4-10.  FACS  analysis  of  MRC-5  cell  synchronization.  Passage  34 
MRC5  cells  were  synchronized  by  incubation  in  DMEM  supplemented  with 
0.5%  FCS.  Following  re-feeding  in  DMEM  supplemented  with  15%  FCS 
(TO),  cells  were  subsequently  harvested  at  various  times  during  the  cell  cycle, 
methanol-fixed,  and  stained  with  propidium  iodide  (25  pg/ml).  (A)  FACS 
analysis  of  the  MRC5  synchronization,  indicating  time  following  re-feeding. 
The  X-axis  indicates  fluorescence  intensity  measuring  DNA  content  (PI 
staining)  and  the  Y-axis  indicates  relative  cell  numbers.  The  approximate  cell 
cycle  stage  of  cell  populations  analyzed  is  also  indicated  (in  parentheses).  (B) 
Soluble  protein  was  extracted  from  equivalent  numbers  of  cells  at  each  time- 
point  and  equal  volumes  from  each  time-point  were  separated  by  10%  SDS- 
PAGE,  western  blotted,  and  probed  with  anti-JUN  polyclonal  antibody 
(1:1000).  ECL  detection  shows  that  no  JUN  protein  was  detected  at  TO, 
suggesting  that  cells  were  quiescent  (G0)  following  serum  starvation. 
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Figure  4-11.  FEN1  and  PCNA  mRNA  levels  in  synchronized 
MRC-5  cells  from  G0  through  to  S  phase  of  the  cell  cycle.  MRC5 
cells  were  synchronized  by  serum  starvation  and  stimulated  to 
proliferate  by  the  addition  of  DMEM  supplemented  with  15%  FCS 
(TO).  Total  RNA,  at  various  time-points  (T0-T37)  over  the  cell  cycle 
and  from  asynchronously  growing  cells  (A/S),  were  extracted  and  15 
pg  from  each  was  separated  on  a  1%  formaldehyde-agarose  gel.  The 
gel  was  Northern  blotted  and  probed  with  [a-32P]  dATP-labeled 
FEN1  cDNA  (A) ,  PCNA  cDNA  (B) ,  and  the  control  probe,  GAPDH 
cDNA  (C) .  The  results  show  a  definitive  cell  cycle-dependent 
increase  in  expression  of  both  PCNA  and  FEN1  as  cells  exit  G0  (TO) 
and  progress  through  S  phase  (T24). 
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Figure  4-11  (cont.).  FEN1  and  PCNA  mRNA  levels  during  the 
MRC5  cell  cycle.  Following  probing  of  Northern  blots  (Figure  4- 
1 1A-C)  with  [oc-32P]  dATP-labeled  FEN1,  PCNA,  and  GAPDH 
cDNA,  levels  of  both  FEN1  and  PCNA  mRNA  were  normalized  by 
comparison  with  levels  of  the  control  probe,  GAPDH,  using  a 
BioRad  GS-670  Imaging  Densitometer.  (D)  normalized  FEN1 
mRNA  levels  and  (E)  normalized  PCNA  mRNA  levels  over  the 
MRC-5  cell  cycle  after  release  from  serum  starvation  (TO).  The  Y- 
axis  indicates  normalized  mRNA  levels  (in  arbitrary  units)  and  the 
X-axis  indicates  the  time-points  (in  hours)  at  which  cell  populations 
were  harvested  following  release  from  serum  starvation  (TO).  The 
tables  below  each  graph  provide  the  normalized  values  for  both 
FEN1  and  PCNA  mRNA  expression  at  each  time-point. 
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Figure  4-12.  Soluble  FEN1  and  PCNA  protein  levels  in  MRC- 
5  cells  as  they  progress  from  G0  towards  S  phase  of  the  cell 
cycle.  Soluble  protein  was  extracted  from  synchronized  passage 
34  MRC5  cells  with  NP40  lysis  buffer.  Samples  containing 
equivalent  cell  numbers  (with  the  exception  of  T37)  were 
separated  by  10%  SDS-PAGE  and  Coomassie-stained  (A)  or 
western  blotted,  and  probed  with  (B)  anti-FENl  antibody  3220 
(1:4000)  or  (C)  anti-PCNA  monoclonal  antibody  PC  10  (1:1000). 
ECL  detection  of  protein  bands  shows  a  subtle  cell  cycle  increase 
in  FEN1  and  PCNA  soluble  protein.  Coomassie  staining  and 
immunoprobing  of  western  blots  reveal  significantly  more  protein 
in  the  T37  fraction.  This  is  the  result  of  increased  cell  numbers  at 
this  time-point  due  to  some  cells  dividing  and  resulting  in  an 
overall  increase  in  cell  numbers.  Molecular  weight  marker  (Lane 
M)  sizes  (in  kDa)  are  indicated  to  the  left  of  (A). 
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Figure  4-13.  Analysis  of  DNase  I  and  SDS-extracted  protein  from  synchronized 
MRC-5  cells.  Passage  34  MRC5  cells  were  synchronized,  released,  and  cells  harvested 
throughout  the  cell  cycle.  After  extraction  of  soluble  protein  with  NP40,  remaining  cell 
pellets  were  re-extracted  with  buffered  DNase  I  (200  gg/ml)  and  finally,  SDS  loading 
buffer.  Fractions,  representing  equivalent  cell  numbers  (except  for  T37)  were  separated 
by  10%  SDS-PAGE  and  Coomassie-stained  (A).  The  same  samples  were  separated  in 
parallel,  western  blotted,  and  probed  with  (B)  and  (D)  anti-Xenopus  FEN1  polyclonal 
(1:2000)  then  (C)  and  (E)  anti-PCNA  monoclonal  antibody,  PC10  (1:2000).  No  FEN1 
protein  was  detected  in  DNAase  I-extracted  fractions,  but  analysis  of  SDS-soluble 
fractions  reveals  that  FEN1  protein  is  still  detected  after  a  55  hour  serum  starvation 
(TO),  increases  by  10  hours  after  re-feeding  (T10),  and  remains  relatively  constant  over 
the  remainder  of  cell  cycle  (T13-T24).  PCNA  protein  is  detected  preferentially  in  S 
phase  populations  (T18-T24)  in  increasing  amounts  in  both  DNase  I  and  SDS-extracted 
fractions. 
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CHAPTER  FIVE:  ANALYSIS  OF  HUMAN  FEN1  AND 
PCNA  mRNA  EXPRESSION.  PROTEIN  EXPRESSION. 
AND  PROTEIN  SOLUBILITY  CHANGES  IN  RESPONSE 
TO  DNA  DAMAGE  IN  CULTURED  CELLS 

5-1  Introduction 

To  maintain  genomic  integrity  and  cell  viability,  cells  must  be  capable  of 
countering  various  types  of  DNA  damage  caused  by  environmental  mutagens, 
spontaneous  mutations,  and  even  by-products  of  endogenous  metabolic  processes.  To 
effectively  deal  with  the  continual  assault  on  genomic  integrity,  cells  possess  multiple 
mechanisms  to  identify  and  correct  a  wide  variety  of  DNA  lesions  such  as  intra-strand 
and  inter-strand  cross-linking,  strand  breaks,  and  base  modifications  induced  by 
chemical  and  physical  mutagens  (reviewed  by  Wang,  1998).  In  addition,  proliferating 
cells  must  also  be  able  to  delay  cell  cycle  progression  to  allow  DNA  repair;  avoiding 
fixation  of  mutations  during  replication  and  subsequent  segregation  of  mutated  DNA 
sequences  (Hartwell  and  Weinert,  1989).  Although  numerous  DNA  repair 
mechanisms  have  been  elucidated,  the  primary  focus  of  this  investigation  will  be  the 
processes  of  base  excision  repair  (BER)  and  nucleotide  excision  repair  (NER). 

DNA  repair  often  involves  excision  and  subsequent  re-synthesis  of  damaged 
DNA  sequences;  from  single  nucleotide  replacement  in  short-patch  BER  (Dianov  et 
al.,  1992;  Kubota  et  al.,  1996),  to  synthesis  of  longer  repair  patches  (2-14  and  24-32 
nucleotides,  respectively)  during  long-patch  BER  (Frosina  et  al .,  1996;  Klungland  and 
Lindahl,  1997;  Fortini  et  al.,  1998)  and  NER  (Wood,  1996).  Because  of  the  need  to 
excise  and  then  re-synthesize  DNA  repair  patches  during  many  DNA  repair  processes, 
it  is  not  surprising  to  find  that  many  proteins  involved  in  nuclear  DNA  replication 
function  similarly  during  DNA  repair.  During  NER  in  mammalian  cells  in  vitro,  the 
single-stranded  binding  protein  RPA  (Coverley  et  al.,  1991;  Wood,  1996)  has  been 


shown  to  be  required  for  the  initial  excision  reactions,  while  PCNA,  DNA  polymerase 
8  (DNA  Pol  8)  or  e  (DNA  Pol  e),  and  possibly  RFC  (Shivji  et  al.,  1992;  Nichols  and 
Sancar,  1992)  appear  to  be  necessary  for  the  subsequent  DNA  re-synthesis  step. 
Although  short-patch  BER  may  occur  without  the  assistance  of  any  typical  DNA 
replication  proteins,  except  a  DNA  ligase  (Dianov  et  al.,  1992;  Kubota  et  al.,  1996); 
long-patch  BER  in  vitro  appears  to  require  FEN1  (Klungland  and  Lindahl,  1997;  Kim 
et  al.,  1998),  PCNA,  DNA  Pol  8  or  DNA  Pol  e  (Frosina  et  al.,  1996;  Klungland  and 
Lindahl,  1997;  Fortini  et  al.,  1998),  and  possibly  RPA  (DeMott  et  al.,  1998)  and  RFC 
(Stucki  et  al.,  1998).  These  examples  demonstrate  that  the  processes  of  DNA 
replication  and  repair  are  closely  related. 

In  contrast  to  many  genes  involved  in  DNA  replication  that  are  cell  cycle- 
regulated  (reviewed  in  Chapter  4,  Section  4-1),  many  DNA  repair  genes  appear  to  be 
constitutively  expressed  (Hoeijmakers,  1993).  This  may  reflect  the  intrinsic  need  to 
regulate  proliferation,  whilst  maintaining  a  DNA  repair  capability.  Despite  this, 
several  genes  implicated  in  DNA  repair  have  been  shown  to  be  transcriptionally- 
induced  upon  DNA  damage.  In  a  BER  response  to  oxidative  stress,  DNA  polymerase 
P  (DNA  Pol  P)  and  AP  endonuclease  (Ref-1,  APE-1)  mRNA  levels  are  increased  2- 
fold  within  3-9  hours  of  DNA  base  damage  caused  by  reactive  oxygen  species  (ROS) 
(Ramana  et  al.,  1998;  Grosch  et  al.,  1998).  Additionally,  DNA  Pol  8  and  PCNA 
mRNA  levels  in  asynchronous  WI-38  human  fibroblast  cells  were  shown  to  increase 
approximately  2-fold  within  one  hour  of  exposure  to  3  J/m2  UV-irradiation  (Zeng  et 
al.,  1994).  These  results  suggest  that  expression  of  other  DNA  repair  proteins  may 
also  be  induced  upon  DNA  damage. 

In  addition  to  the  apparent  transcriptional  induction  of  PCNA  in  response  to 
UV  treatment  (Zeng  et  al.,  1994),  PCNA  protein  has  also  been  shown  to  witness  a 


change  in  solubility  in  response  to  UV  irradiation.  In  non-S  phase  cells,  PCNA 
protein  is  readily  extracted  by  detergent  lysis,  however,  upon  UV-induced  damage, 
PCNA  protein  becomes  resistant  to  detergent  extraction  Toschi  and  Bravo,  1988,  Li  et 
al.,  1996)  and  is  seen  localized  to  sites  of  DNA  repair  (Celis  and  Madsen,  1986; 
Prosperi  et  al.,  1993;  Aboussekhra  and  Wood,  1995;  Miura  et  al,  1996;  Li  et  al., 
1996).  Recently,  PCNA  protein  was  also  shown  to  become  detergent-insoluble  in 
quiescent  human  lung  fibroblasts  subjected  to  the  alkylating  agent  MMS  (Savio  et  al., 
1998).  This  suggests  that  PCNA  protein  may  become  localised  to  BER  sites  in  vivo. 

I  have  previously  examined  FEN1  and  PCNA  expression  and  solubility 
patterns  in  synchronised  human  primary  and  transformed  cell  lines  (Chapter  4).  The 
results  suggested  that  PCNA  and  FEN1  mRNA  and  soluble  protein  expression 
patterns  were  similar  in  both  asynchronous  and  synchronised  cell  populations.  Based 
on  those  results,  PCNA  and  FENl's  purported  interaction  during  Okazaki  fragment 
processing  during  DNA  replication  in  vitro  (Li  et  al.,  1995;  Chen  et  al.,  1996;  Wu  et 
al.,  1996;  Warbrick  et  al.,  1997),  and  additional  evidence  of  a  PCNA-FEN1 
interaction  during  BER  in  vitro  (Klungland  and  Lindahl,  1997;  Kim  et  al.,  1998);  I 
ask  two  separate  questions.  Firstly,  are  PCNA  and  FEN1  mRNA/protein  levels  or 
protein  solubility  patterns  altered  in  cellular  responses  to  alkylation  damage? 
Secondly,  although  not  previously  implicated  in  mammalian  NER,  does  FEN1  mRNA 
and  protein  levels/solubility  change  in  UV  damaged  cells  in  a  manner  similar  to  that 
reported  previously  for  PCNA  (Celis  and  Madsen,  1986;  Toschi  and  Bravo,  1988; 
Zeng  et  al.,  1994;  Li  et  al.,  1996)?  To  address  these  questions  I  decided  to  examine 
human  FEN1  and  PCNA  expression  and  protein  solubility  patterns  in  cultured  cell 
populations  responding  to  DNA  damage  by  both  alkylating  agents  and  UV  irradiation. 
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Expression,  and  Protein  Solubility  during  BER 

5-2.1  Introduction 

Base  excision  repair  (BER)  is  a  process  whereby  cells  can  repair  a  wide 
variety  of  minor  DNA  lesions  such  as  covalent  DNA  base  adducts,  deaminated 
cytosine  residues  (C— »T  conversion),  spontaneous  hydrolytic  depurinated  DNA,  and 
other  DNA  alterations  caused  by  normal  metabolic  pathway  by-products  and 
environmental  mutagens  (Lindahl,  1997).  The  main  pathway  for  repair  of  these  types 
of  DNA  damage  involves  recognition  and  excision  of  the  altered  base  by  specific 
DNA  glycosylases,  and  excision  and  re-synthesis  of  the  resulting 
apurinic/apyrimidinic  (AP)  site  by  the  actions  of  an  AP  endonuclease,  a  DNA 
polymerase  (Pol  P),  and  a  DNA  ligase  (Dianov  et  al.,  1992;  Kubota  et  al.,  1996). 

The  predominant  pathway  for  BER  briefly  described  above  is  well-conserved 
from  bacteria  to  higher  eukaryotes  and  has  been  well  characterised  (reviewed  by 
Lindahl,  1997).  However,  studies  with  reconstituted  repair  systems  from  Xenopus 
laevis  oocytes  suggested  that  repair  of  AP  sites  can  also  be  accomplished  by  a  PCNA- 
dependent  mechanism  (Matsumoto  et  al.,  1994;  Kim  et  al.,  1998).  Additional 
evidence  for  this  alternative  BER  pathway  in  mammalian  cells  came  from  hamster 
and  human  cell-free  repair  assays  using  circular  DNA  duplex  molecules  with  single 
AP  sites  (Frosina  et  al.,  1996).  This  study  observed  BER  repair  patches  of  6-14 
nucleotides  long  that  could  be  inhibited  by  polyclonal  antibodies  to  PCNA.  Finally, 
using  purified  proteins  in  an  in  vitro  system,  Klungland  and  Lindahl  (1997) 
demonstrated  both  pathways  for  BER:  short-patch  BER,  involving  replacement  of  a 
single  nucleotide  by  a  Pol  p-dependent  mechanism;  and  a  long-patch  BER  pathway 
that  generates  repair  patches  several  nucleotides  in  length.  Their  results  suggest  that 


some  types  of  DNA  damage  (eg.  reduced  AP  sites)  are  resistant  to  short-patch  BER 
and  require  the  second,  PCNA-dependent  pathway  (Klungland  and  Lindahl,  1997). 
However,  it  appears  that  the  short-patch  BER  is  predominant.  This  is  based  on  the 
observation  that  antibodies  to  Pol  p  provide  significantly  greater  inhibition  of  overall 
BER  repair  synthesis  in  vitro  compared  to  anti-PCNA  antibodies  in  the  same  assay 
(Nealon  et  al.,  1996).  Additional  kinetics  studies  using  circular  DNA  templates  in 
vitro  further  suggest  that  the  short-patch  BER  pathway  may  account  for  as  much  as 
80%  of  BER  processes  (Fortini  et  al.,  1998). 

Recently,  changes  in  PCNA  solubility  were  witnessed  in  quiescent  human 
lung  fibroblasts  in  response  to  the  alkylating  agent  methyl  methane  sulfonate  (MMS) 
(Savio  et  al.,  1998).  MMS  is  known  to  cause  alkylation  damage  in  cells; 
predominantly  non-bulky  base  damage  in  DNA  which  is  subsequently  repaired  by 
BER  mechanisms  (Ey  et  al.,  1972).  This  result  strongly  suggests  that  PCNA 
participates  in  BER  repair  mechanisms  triggered  by  DNA  damage  caused  by 
alkylating  agents  in  vivo. 

Like  PCNA,  FEN1  is  also  implicated  in  long-patch  BER.  In  vitro  experiments 
with  purified  proteins  (Klungland  and  Lindahl,  1997;  DeMott  et  al.,  1998)  and  in 
reconstituted  repair  systems  using  proteins  derived  from  Xenopus  laevis  (Kim  et  al., 
1998),  three  independent  groups  have  demonstrated  the  requirement  for  FEN1  in 
PCNA-dependent  long-patch  BER  in  vitro.  As  a  result,  I  chose  to  investigate  human 
FEN1  and  PCNA  expression  and  protein  solubility  patterns  in  human  cells  subjected 
to  the  alkylating  agent,  MMS. 

5-2.2  Experimental  Design 

To  study  FEN1  expression  and  protein  solubility  in  response  to  alkylating 
agents,  human  MRC5-SV  cells  were  subjected  to  treatment  with  MMS.  Transformed 


MRC5-SV  cells  were  chosen  so  future  experiments  with  parental  MRC5  cells  could 
be  directly  compared  to  assay  similarities  and  differences  in  cellular  responses 
between  primary  and  transformed  cell  lines  of  similar  lineage. 

To  determine  the  appropriate  MMS  concentration,  MRC5-SV  cells  were 
seeded  in  10  cm  culture  dishes  at  a  density  of  2  X  105  cells  per  dish  and  allowed  to 
proliferate  for  48  hours.  At  that  time,  cells  were  subjected  to  varying  concentrations 
(from  0.5  mM  to  5  mM)  and  exposure  times  (1  to  5  hours)  of  MMS  to  assay  the 
effects  on  cell  viability.  It  was  noted  that  concentrations  above  2  mM  and  exposure 
times  in  excess  of  two  hours  resulted  in  over  50%  loss  of  cell  viability  (as  determined 
by  trypan  blue  exclusion).  It  was  also  observed  that  a  one  hour  exposure  to  1  mM 
MMS  did  not  significantly  affect  cell  viability  when  compared  to  non-treated  controls 
(data  not  shown);  consequently,  that  exposure  time  (1  hour)  and  MMS  concentration 
(1  mM)  was  chosen  to  assay  MRC5-SV  cellular  response  to  alkylating  agents. 

Two  DNA  damage  experiments  with  MMS  were  performed  and  similar  results 
were  obtained.  In  each  experiment,  MRC5-SV  cells  were  seeded  similarly  to  the  pilot 
study  described  above.  Cells  were  allowed  to  proliferate  for  48  hours  and  then  MMS 
(in  DMSO)  was  added  to  culture  dishes  at  a  final  concentration  of  1  mM.  Control 
dishes  were  treated  similarly  with  DMSO  only.  Following  a  one  hour  incubation,  the 
medium  was  aspirated,  cells  washed  twice  with  37°  C  PBS,  and  fresh  medium 
supplemented  with  10%  FCS  was  added  to  both  treated  and  untreated  culture  vessels. 
Cells  were  harvested  at  0,  0.5,  1,  2,  4,  8,  and  24  hours  following  treatment  (both 
treated  and  untreated  controls).  In  addition,  other  treated  cell  populations  were 
maintained  in  culture  conditions  for  an  additional  24  hours  to  assay  long-term  changes 
in  cell  viability.  No  differences  in  cell  viability  were  noted  between  untreated  and 
MMS-treated  cells  48  hours  following  treatment  (data  not  shown).  Finally,  several 


culture  vessels  were  harvested  at  each  time-point  to  minimize  any  variability  in  cell 
treatment  before  subjecting  all  harvested  cells  to  FACS,  RNA,  and  protein  analysis. 

5-2.3  FACS  Analysis  following  MMS  Treatment  of  Human  MRC5-SV  Cells 

To  study  the  effects  of  alkylation  damage  on  MRC5-SV  cells,  untreated  and 
MMS-treated  cell  populations  were  analyzed  by  flow  cytometry  after  methanol- 
fixation  and  DNA  staining  with  25  pg/ml  propidium  iodide  (see  Methods  & 
Materials). 

Figure  5-1  showing  MMS  FACS  analysis 

FACS  analysis  of  MRC5-SV  cells  revealed  a  distinct  effect  on  cell  cycle 
progression  by  1  mM  MMS  treatment  (compared  to  untreated  controls).  Figure  5-1 
shows  that  differences  between  treated  and  control  populations  can  be  witnessed 
starting  at  2  hours  (T2-NT)  after  treatment,  with  a  slightly  larger  percentage  of  treated 
cells  (T2-MMS)  in  Gj.  By  8  hours  (T8)  post-treatment,  a  substantial  proportion  of 
treated  cells  (T8-MMS)  appears  to  be  in  early  S  phase,  in  comparison  to  the  control 
population  (T8-NT).  This  could  be  indicative  of  a  Gj  cell  cycle  checkpoint  having 
been  activated  and  delaying  cell  cycle  progression  in  treated  cell  populations. 
Additionally,  analysis  at  24  hours  following  treatment  reveals  that  the  majority  of 
treated  cells  have  the  DNA  complement  of  G2/M  cells  (T24-MMS),  implying  that 
those  cells  that  were  previously  at  the  Gl/S  boundary  had  progressed  through  DNA 
replication  (S  phase).  This  result  suggests  that,  despite  being  a  transformed  cell  line, 
MRC5-SV  cells  may  have  some  intact  cell  cycle  checkpoint  mechanisms  and 
alkylation  damage  by  MMS  serves  to  activate  those  checkpoint  mechanisms  and  alter 


cell  cycle  progression  in  treated  cell  populations.  Additionally,  because  previous 
experiments  had  demonstrated  that  S  phase  in  MRC5-SV  cells  was  approximately 
four  hours  long  (data  not  shown),  these  results  also  suggest  that  either  an  abnormally 
long  S  phase  had  occurred  or  an  additional  S  or  G2/M  checkpoint  had  been  activated 
in  response  to  MMS  treatment. 

Lastly,  it  should  be  noted  that  gated  analysis  was  used  here  due  to  high 
fluorescence  background  levels,  presumably  due  to  the  presence  of  RNA  not 
effectively  removed  during  cell  preparations  for  FACS  analysis.  This  high 
background  was  not  due  to  either  cell  death  and  DNA  fragmentation  associated  with 
cell  death,  nor  due  to  the  effects  of  MMS  because  the  same  background  was  present  in 
both  treated  and  untreated  control  populations. 

5-2.4  FEN1  and  PCNA  mRNA  Expression  in  Response  to  MMS  Treatment 

To  examine  FEN1  and  PCNA  mRNA  levels  in  response  to  alkylation  damage 
in  MRC5-SV  cells,  both  untreated  and  1  mM  MMS-treated  cell  populations  were 
harvested  at  the  times  indicated  (Figure  5-1),  frozen  until  ready  for  analysis,  lysed, 
and  total  RNA  extracted.  RNA  extraction,  electrophoresis,  and  Northern  blotting  onto 
nylon  membranes  of  total  RNA  from  untreated  and  MMS-treated  MRC5-SV  cells  was 
the  same  as  described  for  other  cell  lines  examined  (see  Chapter  4,  Sections  4-2.3,  4- 
2.9).  In  addition,  28S  and  18S  rRNA  bands  were  also  photographed  and  used  as 
relative  size  markers  (data  not  shown)  to  validate  expected  transcript  sizes  during 
probe  hybridizations.  Lastly,  total  RNA  from  both  MMS  treatment  experiments  were 
separated  on  the  same  gel  and  probed  simultaneously  to  prevent  any  variations  due  to 
transfer  or  probe  hybridization  efficiencies. 


Figure  5-2  showing  Northern  probes  with  FEN1,  PCNA,  actin  cDNA 


The  Northern  blot  was  first  pre-hybridized  and  probed  with  a-[32P]  dATP- 
labeled  human  FEN1  cDNA  (Figure  5-2A).  Figure  5-2A  shows  that  FEN1  mRNA 
levels  appear  slightly  higher  in  MMS-treated  cells  at  4  (T4-MMS),  8  (T8-MMS),  and 
24  (T24-MMS)  hours  post-treatment,  compared  to  untreated  controls  at  the  same 
time-points  (T4-NT,  T8-NT,  T24-NT).  Additionally,  although  FEN1  mRNA  levels 
appear  elevated  at  30  minutes  post-treatment  (T0.5-MMS)  in  the  first  experiment,  a 
similar  increase  was  not  observed  in  the  second  experiment  (T0.5-MMS). 

Because  FEN1  and  PCNA  have  both  been  shown  to  participate  in  long-patch 
BER  in  vitro  (Klungland  and  Lindahl,  1997;  Kim  et  al.,  1998;  DeMott  et  al.,  1998),  I 
also  wanted  to  examine  PCNA  mRNA  levels  in  response  to  MMS  treatment  in 
parallel.  Consequently,  following  the  FEN1  cDNA  probe,  the  blot  was  stripped  and 
re-probed  with  a-[32P]  dATP-labeled  PCNA  cDNA.  Analysis  of  PCNA  mRNA 
levels  in  Figure  5-2B  suggests  that  PCNA  mRNA  levels  may  also  be  elevated  at  4 
(T4-MMS)  and  8  (T8-MMS)  hours,  as  well  as  2  hours  (T2-MMS)  following 
treatment,  in  comparison  to  untreated  controls  at  the  same  time-points  (T2-NT,  T4- 
NT,  T8-NT). 

To  eliminate  any  differences  arising  from  unequal  loading,  the  blot  was 
stripped  and  re-probed  with  a-[32P]  dATP-labeled  P-actin  cDNA  (Figure  5-2C).  P- 
actin  mRNA  levels  have  been  previously  shown  to  be  an  accurate  control  of  mRNA 
loading  in  DNA-damaged  mammalian  cells  (Xu  and  Morris,  1999).  Figure  5-2C 
shows  that  slightly  higher  amounts  of  P-actin  were  detected  in  the  T0.5,  Tl,  T2,  and 
T4  MMS-treated  fractions  from  the  first  experiment,  and  in  the  T2-MMS  and  T4- 
MMS  fractions  from  the  second  experiment. 


Following  the  P-actin  probe,  the  intensity  of  the  FEN1,  PCNA,  and  P-actin 
mRNA  bands  were  subjected  to  densitometry  analysis  on  a  BioRad  GS-670  Imaging 
Densitometer  and  FEN1  and  PCNA  mRNA  levels  were  subsequently  normalized 
against  loading  differences  detected  by  the  P-actin  contol  (Figure  5-3  A,  5-3B). 

Figure  5-3  showing  Excel  graph  of  FEN  1  and  PCNA  mRNA  expression 

As  can  be  seen,  FEN1  (Figure  5-3  A)  and  PCNA  (Figure  5-3B)  mRNA  levels 
in  MRC5-SV  cells  are  dramatically  altered  in  response  to  MMS  treatment. 
Surprisingly,  a  significant  decrease  in  FEN1  and  PCNA  mRNA  was  observed, 
starting  at  0.5  hours  (red  and  light  blue  bars)  following  treatment.  PCNA  and  FEN1 
mRNA  levels  steadily  decreased  until  4  and  2  hours,  respectively,  (Tl-MMS,  T2- 
MMS,  red  and  light  blue  bars  in  Figure  5-3A/B),  however,  a  substantial  increase  in 
PCNA  and  FEN1  mRNA  levels  was  noted  by  4  (T4-MMS)  hours  and  8  (T8-MMS) 
hours,  respectively,  following  MMS  treatment.  The  reason  for  the  slightly  earlier 
increase  in  PCNA  mRNA  levels,  relative  to  FEN1,  is  unclear.  In  contrast,  FEN1  and 
PCNA  mRNA  levels  in  untreated  control  populations  (purple  and  yellow  bars.  Figure 
5-3  A/B)  remained  relatively  constant  throughout  the  course  of  both  experiments  (T0- 
NT  to  T24-NT).  This  result  is  similar  to  previous  observations  of  steady  FEN1  and 
PCNA  mRNA  levels  that  were  witnessed  in  asynchronous,  cycling  HeLa  cell 
populations  (Chapter  4,  Section  4-2.3).  It  is  thought  that  the  increase  observed  in 
FEN1  and  PCNA  mRNA  expression  in  MMS-treated  cells,  is  most  probably  the  result 
of  cell  cycle  arrest  and  subsequent  synchronous  cell  cycle  progression  into  S  phase 
around  8  hours  post-treatment,  as  suggested  by  FACS  analysis  (Figure  5-1).  If 
correct,  this  would  support  my  previous  observations  of  increased  FEN1  and  PCNA 


mRNA  levels  during  cell  cycle  progression  from  Gi  through  S  phase  (Chapter  4). 
Additionally,  it  is  unlikely  that  genetic  expression  of  proteins  involved  in  BER  would 
increase  8  hours  following  alkylation  damage,  as  BER  is  a  fairly  rapid  process  with 
most  repair  completed  within  one  hour  following  DNA  damage  (Fortini  et  al.,  1998). 

These  results  suggest  that  FEN1  and  PCNA  genes  may  not  be  transcriptionally 
activated  as  part  of  a  cellular  response  to  DNA  alkylation  damage.  They  also  suggest 
that  cellular  feedback  mechanisms  may  exist  to  actually  down-regulate  the 
transcription  of  DNA  replication  genes  like  PCNA  and  FEN1  as  the  result  of  Gi  cell 
cycle  checkpoint  activation  caused  by  alkylation  damage. 

5-2.5  FEN1  and  PCNA  Protein  Expression  and  Solubility  Changes  in  Response 
to  MMS  Treatment 

Because  it  appeared  that  FEN1  and  PCNA  were  not  transcriptionally  activated 
as  a  result  of  alkylation  damage  to  DNA,  I  decided  to  investigate  if  there  were  any 
changes  in  protein  expression  or  protein  solubility  that  may  occur  as  a  consequence  of 
alkylation  damage  caused  by  MMS  treatment.  To  examine  this,  soluble  protein  was 
extracted  with  NP40  lysis  buffer  from  untreated  and  MMS-treated  cells  at  the  times 
indicated  in  Figure  5-1,  and  remaining  insoluble  protein  was  subsequently  extracted 
with  1%  SDS  (see  Methods  &  Materials).  Approximately  20  pg  of  total  soluble 
protein,  as  well  as  equivalent  total  protein  concentrations  from  SDS-soluble  fractions, 
from  both  treated  and  untreated  cell  populations,  were  separated  by  12%  SDS-PAGE 
gels  and  Coomassie-stained  (Figure  5-4A).  Two  other  12%  SDS-PAGE  gels  were 
run  in  parallel,  western  blotted,  and  probed  with  anti-Xenopus  FEN1  polyclonal 
antibody  (Figure  5-4B,  D)  then  anti-PCNA  monoclonal  antibody  PC  10  (Figure  5-4C, 
E). 


Figure  5-4  showing  Coomassie  and  soluble/SDS-soluble  FEN1  and  PCNA  probes 


Analysis  of  soluble  FEN1  (Figure  5-4B)  and  PCNA  (Figure  5-4C)  protein 
levels,  indicates  no  significant  differences  between  untreated  and  MMS-treated 
MRC5-SV  cells  at  any  of  the  time-points  examined  (TO-MMS  to  T24-MMS). 
Additionally,  analysis  of  SDS-soluble  FEN1  protein  levels  (Figure  5-4D)  does  not 
suggest  any  change  in  insoluble  FEN1  protein  levels  (when  compared  to  untreated 
controls)  at  any  time-point  analysed.  This  apparent  lack  of  FEN1  solubility  change, 
seen  previously  in  synchronized  HeLa  cell  populations  (Chapter  4)  and  again  here, 
may  reflect  that  either  subtle  changes  may  occur  that  are  below  current  detection 
limits,  or  simply  that  SDS-soluble  FEN1  protein  levels  do  not  change  in  response  to 
alkylation  damage  caused  by  MMS  treatment. 

Further  analysis  of  SDS-soluble  protein  shows  that  a  significantly  higher 
amount  of  SDS-soluble  PCNA  was  detected  at  0.5  hows  (SDS-T0.5-MMS)  following 
MMS  treatment,  in  comparison  to  the  untreated  control  (SDS-T0.5-NT).  In  addition, 
SDS-soluble  PCNA  levels  appear  to  remain  elevated  (compared  to  controls)  in  all 
subsequent  time-points  analysed  (SDS-T1-T24).  It  is  possible  that  elevated  levels  of 
insoluble  PCNA  may  reflect  residual  BER  taking  place  one  (SDS-T1-MMS),  two 
(SDS-T2-MMS),  and  four  hours  (SDS-T4-MMS)  following  treatment.  Additionally, 
based  on  FACS  (Figure  5-1)  and  mRNA  (Figure  5-3)  analysis  suggesting  Gi  arrest 
and  subsequent  entry  into  S  phase  around  8  hours  (SDS-T8-MMS)  following  MMS 
treatment;  it  would  not  be  surprising  to  witness  decreased  PCNA  solubility  (higher 
SDS-soluble  PCNA  protein  levels)  at  8  or  24  hours  post  treatment.  It  is  also  possible 
that  the  apparent  increase  in  SDS-soluble  PCNA  observed  at  24  hours  (SDS-T24- 


MMS),  may  reflect  the  slightly  higher  amount  of  total  protein  loaded  on  the  gel. 
Total  protein  loaded  from  each  fraction  was  relatively  equal,  with  the  exception  of  a 
slightly  higher  amounts  loaded  in  T8-MMS,  T24-MMS  soluble  and  T24-MMS  SDS- 
soluble  protein  samples  (Figure  5-4A). 

5-3  Analysis  of  Human  FEN1  and  PCNA  niRNA  Expression  and 
Protein  Expression  and  Solubility  during  NER 

Nucleotide  excision  repair  (NER)  acts  on  a  wide  variety  of  DNA  lesions; 
particularly  bulky,  helix-distorting  alterations  like  pyrimidine/purine  dimers  and  6-4 
photoproducts  that  are  caused  by  the  mutagenic  effects  of  ultraviolet  (UV)  light  from 
the  sun  (Wood,  1997).  Many  details  of  NER  have  been  elucidated  (Aboussekhra  et 
al.,  1995;  Moggs  et  al.,  1996;  Mu  et  al.,  1996)  and  PCNA  is  known  to  play  a  crucial 
role  in  the  DNA  synthesis  step  of  NER  (Shivji  et  al.,  1992).  Although  the  nuclease 
XPG  has  been  shown  to  be  the  5'  to  3'  endonuclease  (Mu  et  al.,  1996)  involved  in 
NER,  and  despite  the  fact  that  the  DNA  intermediate  (bubble  structure)  formed  during 
NER  (Evans  et  al.,  1997)  is  not  susceptible  to  human  FEN1  cleavage  (Harrington  and 
Lieber,  1994);  I  still  elected  to  analyze  FEN1  expression  and  solubility  patterns  in 
UV-damaged  cell  populations  because  of  PCNA's  well-characterised  role  in  NER,  and 
to  form  a  baseline  for  subsequent  studies.  In  addition,  FEN1  homologues  in  yeast  (S. 
pombe  rad2  and  S.  cerevisiae  RAD27)  have  been  implicated  in  repair  of  UV-induced 
damage  (Murray  et  al.,  1994;  Reagan  et  al.,  1995)  and  an  alternate  NER  pathway  (as 
has  recently  been  elucidated  in  BER)  that  involves  FEN1  activity,  although  not 
previously  suspected,  has  not  been  ruled  out. 


5-3.1  Experimental  Design  of  UV  Treatment  Pilot  Study 


To  study  FEN1  expression  and  solubility  patterns  in  response  to  UV-induced 
damage,  a  pilot  experiment  was  conducted.  SV40-transformed  MRC5  (MRC5-SV) 
cells  were  evenly  seeded  at  a  density  of  2  X  105  cells  per  10  cm  dish  and  were 
allowed  to  proliferate  for  48  hours  prior  to  treatment.  At  the  time  of  treatment,  all 
dishes  were  aspirated,  washed  with  37°  C  PBS,  treated  with  varying  doses  (5,  10,  20, 
30,  50  J/m2)  of  UV-irradiation  (control  dishes  were  not  UV-treated),  re-suspended  in 
fresh  media,  and  placed  back  in  standard  culture  conditions  (37°  C /  5%  CO2).  Both 
treated  and  untreated  cells  were  harvested  at  0,  5,  and  10  hours  following  treatment, 
and  subjected  to  RNA  and  protein  expression  analysis.  In  addition,  several  culture 
dishes  were  left  in  culture  conditions  up  to  48  hours  post-treatment  to  assay  any 
changes  in  cell  viability. 

It  should  be  noted  that  UV  treatment  at  20,  30  and  50  J/m2  resulted  in 
increasing  loss  (>  10,  25  and  50%,  respectively)  of  cell  viability  by  24  hours  as 
determined  by  trypan  blue  exclusion  and  presence  of  non-adherent  cells  (data  not 
shown).  However,  changes  in  cell  viability  at  the  other  dosages  tested  (5  and  10  J/m  ) 
were  not  significantly  different  from  untreated  control  cells  at  24  and  48  hours 
following  treatment  (data  not  shown). 

5-3.2  Human  FEN1  and  PCNA  mRNA  Expression  in  Response  to  UV  Treatment 
/Pilot  Study) 

To  examine  FEN1  and  PCNA  mRNA  levels  in  response  to  various  doses  of 
UV  irradiation,  both  untreated  and  UV-treated  MRC5-SV  cells  were  harvested  at  0,  5, 
and  10  hours  post-treatment,  frozen  until  ready  for  analysis,  lysed,  and  total  RNA 
extracted.  Total  RNA  extraction,  electrophoresis,  and  Northern  blotting  of  total  RNA 


from  untreated  and  UV-treated  MRC5-SV  cells  was  the  same  as  described  previously 
for  other  cell  lines  (See  Chapter  4).  In  addition,  28S  and  18S  rRNA  bands  were  also 
photographed  and  used  as  relative  size  markers  (data  not  shown)  to  validate  expected 
transcript  sizes  during  cDNA  probe  hybridizations.  It  should  also  be  noted  that  the 
T10-NT  and  T10-10  fractions  may  be  difficult  to  interpret  due  to  a  possible  bubble  in 
the  RNA  gel  that  affected  RNA  migration  in  those  samples,  and  was  noted  during 
detection  of  28S  and  18S  rRNA  bands. 

Figure  5-5A/B/C  of  Northern  probes  with  FEN1,  PCNA,  and  GAPDH 

The  Northern  blot  was  first  pre-hybridized  and  then  probed  with  a-[32P] 
dATP-labeled  human  FEN1  (Figure  5-5  A)  cDNA.  The  results  in  Figure  5-5  A  suggest 
that  FEN1  mRNA  levels  are  slightly  increased  by  5  hours  following  treatment  with  5 
(T5-5)  and  10  (T5-10)  J/m2  UV-irradiation.  In  contrast,  FEN1  mRNA  levels  are 
significantly  decreased  at  5  hours  following  higher  dosage  treatment  with  20  (T5-20), 
30  (T5-30),  and  50  (T5-50)  J/m2,  in  comparison  to  the  untreated  control  (T5-NT). 
FEN1  mRNA  levels  at  10  hours  post-treatment  were  difficult  to  analyse  due  to 
unclear  mRNA  bands  (T10-NT,  T10-10)  on  the  gel,  however  it  appears  that  the  FEN1 
mRNA  levels  remain  significantly  decreased  in  cells  treated  with  50  J/m  UV. 

Because  I  wanted  to  examine  PCNA  mRNA  expression  in  parallel,  the 
membrane  was  subsequently  stripped  and  re-probed  with  a-[32P]  dATP-labeled 
PCNA  (Figure  5-5B).  Similar  to  FEN1,  PCNA  mRNA  levels  also  appear  slightly 
elevated  by  5  hours  following  treatment  with  5  (T5-5)  and  10  (T5-10)  J/m2  UV- 
irradiation.  Although  the  PCNA  mRNA  levels  appear  unchanged  after  5  hours  in 
cells  treated  with  20  (T5-20)  J/m2  UV,  the  PCNA  mRNA  levels  in  cells  treated  with 


30  (T5-30)  and  50  (T5-50)  J/m2  are  decreased,  in  comparison  to  the  untreated  control 
(T5-NT). 

To  eliminate  any  differences  arising  from  unequal  loading,  the  blot  was 
stripped  and  re-probed  with  a-[32P]  dATP-labeled  GAPDH  (Figure  5-5C)  cDNA. 
Figure  5-5C  shows  that  GAPDH  mRNA  levels  are  relatively  the  same  in  all  samples, 
except  slightly  less  GAPDH  mRNA  was  detected  in  TO-NT.  Also  note  that  the  RNA 
bands  for  T10-NT  and  T10-10  J/m2  are  slightly  unclear  due  to  most  probably,  a 
bubble  in  the  denaturing  gel.  Despite  this,  the  results  of  the  three  probes  were 
subjected  to  densitometry  analysis. 

Figure  5-6  shows  graph  of  normalized  FEN1  and  PCNA  expression  in  UV  pilot 

All  FEN1  and  PCNA  mRNA  levels  were  normalized  against  total  RNA 
loading  differences  detected  by  the  GAPDH  control  probe  (Figure  5-5C).  The  results 
suggest  a  possible  increase  in  both  FEN1  (red  and  yellow  bars  in  Figure  5-6 A)  and 
PCNA  (red  and  yellow  bars  in  Figure  5-6B)  mRNA  levels  (compared  to  untreated 
control  cells,  blue  bars)  by  5  hours  at  5  (T5-5)  and  10  (T5-10)  J/m2  UV,  but  analysis 
at  10  hours  post-treatment  was  inconclusive  due  to  the  two  aberrant  samples  noted 
earlier.  In  addition,  expression  of  both  FEN1  and  PCNA  in  cells  treated  by  higher 
doses  (30  and  50  J/m2)  of  UV  was  significantly  decreased  by  5  hours  (T5-30  and  T5- 
50)  following  treatment.  This  was  most  likely  due  to  the  significant  cellular  damage 
and  loss  of  viability  noted  at  the  higher  UV  doses. 

5-3.3  Analysis  of  FEN1  and  PCNA  Protein  Expression  and  Solubility  in 
Response  to  UV  Treatment  fPilot  Study) 


To  examine  the  effects  of  UV  treatment  on  FEN1  and  PCNA  protein 
expression  and  solubility,  soluble  protein  was  extracted  from  non-treated  and  UV- 
treated  cells  with  NP40  lysis  buffer  and  remaining  insoluble  protein  was  extracted 
from  residual  cell  pellets  with  1%  SDS  (see  Methods  &  Materials).  Following 
Bradford  assays  to  determine  soluble  protein  concentrations  (data  not  shown),  20  pg 
of  soluble  protein  or  equivalent  total  protein  concentrations  from  SDS-soluble 
fractions  were  separated  by  10%  SDS-PAGE  and  Coomassie-stained  (Figure  5-7 A), 
or  western  blotted  and  probed  with  anti-Xenopus  FEN1  (1:2000)  polyclonal 
antibodies  (Figures  5-7B  &  D)  and  anti-PCNA  monoclonal  antibody,  PC10  (1:1000) 
(Figures  5-7C  &  E). 

Figure  5-7A/B/C/D/E  showing  Coomassie  and  western  probes  of  UV  Pilot  study 

Figure  5-7  shows  that  soluble  FEN1  and  PCNA  protein  levels  may  actually 
decrease  as  the  UV  dose  is  increased.  Analysis  of  FEN1  (Figure  5-7B)  and  PCNA 
(Figure  5-7C)  protein  levels  5  hours  following  treatment  show  a  possible  decrease  in 
soluble  protein  at  20  (T5-20),  30  (T5-30),  and  50  (T5-50)  J/m2,  in  comparison  to  the 
untreated  control  (T5-NT).  Again,  this  may  reflect  greater  damage  and  loss  of  cell 
viability  at  the  higher  UV  doses.  Interestingly,  soluble  FEN1  and  PCNA  protein 
levels  appear  unchanged  at  5  hours  (T5-10),  but  then  subsequently  increase  by  10 
hours  (T10-10)  at  10  J/m2  UV-irradiation.  Although  not  certain,  it  is  unlikely  that 
these  differences  represent  slight  variations  in  total  protein  loaded  on  the  gels.  As  can 
be  seen  in  Figure  5-7 A,  equal  concentrations  of  NP40-soluble  protein  were  loaded, 
with  the  exception  of  T0-NT  (untreated  sample  harvested  at  beginning  (TO)  of  UV- 
treatment),  which  appears  to  be  slightly  under-loaded.  It  is  also  noteworthy  that 


analysis  of  FEN1  and  PCNA  mRNA  expression  levels  noted  a  slight  increase  in 
transcript  levels  5  hours  following  treatment  with  10  J/m2.  This  may  correlate  with 
the  slightly  higher  protein  levels  observed  at  10  hours  post-treatment. 

Further  analysis  of  SDS-soluble  PCNA  protein  levels  (Figure  5-7E)  shows  a 
possible  increase  above  untreated  control  levels  (T5-NT)  by  5  hours  at  20  (T5-20),  30 
T5-30),  and  50  (T5-50)  J/m2,  but  decrease  below  control  levels  (T5-NT)  at  the  non- 
lethal  doses  5  (T5-5)  and  10  (T5-10)  J/m2  UV.  In  contrast,  SDS-soluble  FEN1  protein 
levels  (Figure  5-7D)  do  not  appear  to  vary  significantly  between  treated  and  untreated 
cells  at  the  time-points  examined.  Although  it  is  unlikely,  these  detected  differences 
mentioned  above  may  reflect  minor  protein  loading  variations.  Slightly  less  total 
SDS-soluble  protein  appears  to  be  loaded  in  SDS-soluble  fractions,  T0-NT  and  T5-30 
(Figure  5-7A),  but  these  slight  variations  in  total  protein  are  thought  to  be 
inconsequential  to  the  analysis. 

Based  on  the  results  of  the  UV  pilot  study,  10  J/m2  was  chosen  as  the  UV 
dose  to  be  used  in  subsequent  studies.  It  is  a  non-lethal  dose  and  similar  to  UV  levels 
used  previously  to  study  PCNA  (Miura  et  al.,  1996;  Savio  et  al.,  1996;  Li  et  al., 
1996).  In  addition,  some  differences  at  10  J/m2  noted  in  the  pilot  study  above,  need  to 
be  further  investigated. 

5-4  Analysis  of  Human  FEN1  and  PCNA  mRNA  Expression,  Protein 
Expression,  and  Protein  Solubility  Changes  during  NER 
5-4.1  Experimental  Design 

Two  experiments  were  conducted  to  study  the  effects  of  UV  irradiation  on 
FEN1  and  PCNA  mRNA/protein  expression  and  solubility  patterns  in  human  MRC5- 
SV  cells  in  culture.  MRC5-SV  cells  were  seeded  at  a  density  of  2  X  105  cells  per  10 


cm  culture  dish  and  were  allowed  to  proliferate  for  48  hours  prior  to  treatment. 
Following  the  48-hour  incubation,  cell  preparations  and  UV  treatment  at  10  J/m2  were 
similar  to  those  described  in  the  UV  pilot  study  (see  Section  5-3.1).  Control  dishes 
were  treated  similarly  to  UV-treated  culture  vessels,  except  they  were  not  subjected  to 
10  J/m2  UV  irradiation.  Both  treated  and  untreated  cell  populations  were  harvested  at 
0,  3,  7,  10,  12,  and  24  hours  following  UV  treatment  and  subjected  to  FACS,  mRNA 
expression,  and  protein  analysis. 

5-4.2  FACS  Analysis  of  MRC5-SV  cells  following  10  J/m2  UV  Irradiation 

To  study  the  effects  of  10  J/m2  UV  irradiation  on  MRC5-SV  cell  populations, 
untreated  and  UV-treated  cells  were  methanol-fixed,  stained  with  25  pg/ml  PI,  and 
subjected  to  FACS  analysis  the  same  as  described  previously  (see  Section  5-2.3). 

Figure  5-8  showing  UV  FACS  data 

Figure  5-8  depicts  the  FACS  analyses  comparing  untreated  (top  rows)  and  10 
J/m2  UV-treated  (bottom  rows)  MRC5-SV  cells  harvested  over  a  24-hour  period 
following  UV  irradiation.  As  can  be  seen,  UV-treated  cell  populations  exhibit  distinct 
differences  in  FACS  profiles,  compared  to  the  controls  (T0-NT  to  T24-NT), 
beginning  at  three  hours  (T3-UV)  following  10  J/m2  UV  treatment.  At  three  hours, 
treated  cell  populations  (T3-UV)  show  a  higher  percentage  of  Gi  cells  and  fewer  S 
and  G2/M  than  the  control  (T3-NT).  By  7  hours  (T7-UV),  cells  appear  to  be 
accumulating  at  the  Gi/S  boundary,  and  by  10  hours  (T10-UV),  cells  previously 
accumulating  at  the  Gj/S  boundary  appear  to  be  commencing  S  phase.  At  12  hours 
(T12-UV),  a  significant  percentage  of  the  cell  population  appear  to  be  well  into  S 


phase,  and  by  24  hours  (T24-UV),  two  distinct  (Gi  &  G2/M)  peaks  are  evident, 
indicating  passage  of  a  large  number  of  cells  through  mitosis,  back  into  Gi  of  the  cell 
cycle.  In  comparison,  untreated  cell  populations  maintain  a  DNA  fluorescence  profile 
typical  of  asynchronous,  cycling  cell  populations  for  all  time-points  analysed  (TO-NT 
to  T24-NT).  From  the  FACS  data,  it  appears  that  treated  cells  observed  a 
substantially  longer  period  of  DNA  synthesis  (10-12  hour  S  phase)  than  had  been 
previously  witnessed  (approximately  4  hours).  It  is  currently  unclear  whether  DNA 
damage  caused  an  excessively  long  S  phase  or  whether  cells  that  have  the  DNA 
complement  of  G2/M  cells  at  24  hours  (2nd  major  peak  in  T24-UV)  are  those  cells  that 
were  delayed  in  Gi  longer.  However,  despite  this  uncertainty,  10  J/m2  UV  treatment 
appeared  to  alter  cell  cycle  progression,  possibly  through  activation  of  a  Gi  DNA 
damage  cell  cycle  checkpoint,  as  determined  by  FACS  analysis. 

5-4.3  FEN1  and  PCNA  mRNA  Levels  in  MRC5-SV  Cells  Subjected  to  10  J/m2 
UV  Treatment 

To  examine  FEN1  and  PCNA  mRNA  levels  in  human  MRC5-SV  cells 
following  10  J/m2  UV  irradiation,  total  RNA  was  extracted,  electrophoresed  on  a  1% 
formaldehyde-agarose  denaturing  gel,  and  Northern  blotted  onto  nylon  membrane 
(See  Section  5-3.2).  Total  RNA  from  two  UV  irradiation  experiments  were  run  on  the 
same  gel  and  probed  simultaneously  to  prevent  any  variation  due  to  transfer  or  probe 
hybridisation  efficiencies.  In  addition,  prior  to  RNA  transfer,  the  gel  was 
photographed  and  the  location  of  the  28S  and  18S  rRNA  bands  were  noted  for 
subsequent  use  as  relative  size  markers  (data  not  shown). 


Figure  5-9A/B/C  of  Northern  probes  for  FEN1,  PCNA,  GAPDH 


The  Northern  blot  was  first  pre-hybridized  and  then  probed  with  a-[32P] 
dATP-labeled  human  FEN1  cDNA  (Figure  5-9 A).  Higher  levels  of  FEN1  mRNA 
were  detected  in  UV-treated  cells  at  3  (T3-UV),  7  (T7-UV),  12  (T12-UV),  and 
possibly  24  (T24-UV)  hours  following  treatment  in  both  experiments,  compared  to 
non-irradiated  controls  at  the  same  time-points  (T3-NT,  T7-NT,  T12-NT,  T24-NT). 
No  other  significant  differences  were  noted. 

To  analyse  PCNA  mRNA  levels  in  parallel,  the  membrane  was  subsequently 
stripped  and  re-probed  with  a-[32P]  dATP-labeled  human  PCNA  (Figure  5-9B). 
Similar  to  FEN1,  slightly  higher  levels  of  PCNA  mRNA  were  detected  in  UV-treated 
cells  at  3  (T3-UV),  7  (T7-UV),  12  (T12-UV),  and  possibly  24  (T24-UV)  hours 
following  treatment  in  both  experiments,  compared  to  non-irradiated  controls  at  the 
same  time-points  (T3-NT,  T7-NT,  T12-NT,  T24-NT). 

To  eliminate  any  differences  arising  from  unequal  loading,  the  blot  was 
stripped  and  re-probed  with  a-[32P]  dATP-labeled  GAPDH  (Figure  5-9C)  cDNA.  No 
significant  loading  differences  were  noted  in  either  experiment.  However,  it  should 
be  noted  that  the  absence  of  any  mRNA  detected  in  sample  T10-NT  from  UV 
experiment  #2  was  the  result  of  RNA  degradation.  Despite  this,  the  results  of  these 
three  probes  were  subjected  to  densitometry  analysis  (see  Methods  &  Materials). 

Figure  5-10  Excel  graph  depicting  normalized  FEN1  and  PCNA  expression  levels 

Following  densitometry  measurements,  FEN1  (Figure  5- 10 A)  and  PCNA 
(Figure  5-10B)  mRNA  levels  were  normalised  to  account  for  loading  variations 
detected  by  the  GAPDH  control  probe  (Figure  5-9C).  As  can  be  seen,  FEN1  (Figure 


5-10A)  and  PCNA  (Figure  5-10B)  mRNA  levels  in  MRC5-SV  cells  appear  to  be 
responsive  to  10  J/m2  UV  treatment.  FEN1  and  PCNA  mRNA  expression  levels 
appear  highest  in  10  J/m2  UV-treated  cells  harvested  3,  7,  and  10  hours  (depicted  by 
red  and  light  blue  bars)  following  treatment,  in  comparison  to  untreated  control 
(purple  and  yellow  bars).  Figures  5-10A  and  5-10B  suggest  that  FEN1  and  PCNA 
mRNA  levels  increase  by  3  hours  (T3-UV),  peak  at  7  hours  (T7-UV),  and  then 
stabilize  at  untreated  control  levels  (purple  and  yellow).  In  contrast,  FEN1  and  PCNA 
mRNA  levels  appear  to  remain  relatively  constant  in  asynchronous,  untreated  control 
populations  (purple  and  yellow).  This  result  is  similar  to  previous  observations  of 
stable  FEN1  and  PCNA  mRNA  levels  witnessed  in  asynchronous  HeLa  cell 
populations  (Chapter  4).  Because  expression  levels  were  analyzed  at  specified  times 
after  treatment,  it  is  currently  uncertain  whether  FEN1  and  PCNA  mRNA  levels 
actually  peak  slightly  before  or  after  the  7  hour  (T7-UV)  time-point  analysed  here. 
However,  assuming  a  gradual  increase  in  expression,  it  would  appear  that  FEN1  and 
PCNA  mRNA  levels  probably  peak  between  7  and  10  hours  post-treatment. 
Additionally,  and  similar  to  that  witnessed  in  synchronized  HeLa  cell  populations 
(Chapter  Four),  human  FEN1  and  PCNA  mRNA  levels  follow  a  similar  expression 
pattern  in  response  to  10  J/m2  UV  treatment. 

It  should  be  noted  that  it  is  quite  possible  that  the  increases  in  FEN1  and 
PCNA  expression  levels  witnessed  here  in  response  to  10  J/m2  UV  irradiation,  may  be 
in  response  to  the  putative  Gi  cell  cycle  arrest  suggested  by  FACS  data  (Figure  5-8). 
This  possibility  would  be  in  line  with  what  was  reported  previously  (Chapter  Four) 
about  increasing  FEN1  and  PCNA  mRNA  levels  during  progression  from  Gl  through 
S  phase  of  the  cell  cycle. 


5-4.4  Analysis  of  FEN1  and  PCNA  Protein  Expression  and  Solubility  Patterns  in 
Response  to  10  J/m2  UV  Treatment 

To  examine  FEN1  and  PCNA  protein  expression  and  solubility  patterns  in 
MRC5-SV  cells  in  response  to  UV  treatment,  soluble  protein  was  extracted  from  non- 
treated  and  UV-treated  cells  with  NP40  lysis  buffer  and  remaining  insoluble  protein 
was  extracted  from  residual  cell  pellets  with  1%  SDS  (see  Methods  &  Materials). 
Following  Bradford  assays  to  determine  soluble  protein  concentrations  (data  not 
shown),  20  pg  of  soluble  protein  or  equivalent  total  protein  concentrations  from  SDS- 
soluble  fractions,  were  separated  by  10%  SDS-PAGE  and  Coomassie-stained  (Figure 
5-11  A),  or  western  blotted  and  probed  with  anti-Xenopus  FEN1  (1:2000)  polyclonal 
antibodies  (Figures  5-1  IB  &  D)  and  anti-PCNA  monoclonal  antibody,  PC10  (1:1000) 
(Figures  5-1 1C  &E). 

Figure  5-11A/B/C  shows  Coomassie  and  western  probes  from  UV  experiment 

As  can  be  seen,  it  appears  that  soluble  FEN1  (Figure  5-1  IB)  and  PCNA 
(Figure  5-1 1C)  protein  levels  remain  relatively  constant  in  both  treated  and  untreated 
cell  populations.  However,  analysis  of  SDS-soluble  PCNA  protein  (Figure  5-1  IE) 
shows  significantly  higher  levels  of  SDS-soluble  PCNA  protein  at  3  (T3-UV),  7  (T7- 
UV),  10  (T10-UV),  and  12  (T12-UV)  hours  following  UV  treatment,  compared  to 
non-treated  controls  harvested  at  the  same  time  (T3-NT,  T7-NT,  T10-NT,  T12-NT). 
Elevated  levels  of  non-detergent-soluble  PCNA  protein,  immediately  following  UV- 
irradiation,  has  been  reported  previously  (Prosperi  et  al. ,  1993;  Li  et  al.,  1996;  Savio 
et  al.,  1998)  and  its  decreased  solubility  is  strongly  linked  to  its  proposed  role  in  NER 
(Shivji  et  al.,  1992;  Miura  et  al,  1996).  In  contrast,  it  is  interesting  to  note  that  SDS- 


soluble  FEN1  protein  levels  (Figure  5-1  ID)  appear  to  remain  relatively  unchanged  in 
all  treated  and  untreated  fractions  analysed.  This  constant  level  of  SDS-soluble  FEN1 
protein  is  similar  to  what  I  witnessed  with  SDS-soluble  FEN1  protein  extracted  from 
synchronised  HeLa  cell  populations  (Chapter  4)  as  they  progressed  from  early  Gi 
through  S  phase  of  the  cell  cycle. 

It  appeared  that  approximately  equal  quantities  of  total  protein  (Figure  5-11  A) 
were  loaded  from  all  analysed  fractions,  with  the  exception  of  slightly  higher  total 
protein  loaded  in  both  the  untreated  (T24-NT)  and  UV-treated  (T24-UV)  fractions 
harvested  at  24  hours.  However,  because  it  appears  that  both  treated  and  untreated 
fractions  at  24  hours  contain  similar  total  protein  levels,  they  can  still  be  used  for 
comparison. 

Finally,  it  should  be  noted  that  the  increased  levels  of  SDS-soluble  PCNA 
protein  detected  at  3  (T3-UV)  and  7  (T7-UV)  hours  following  UV  treatment  are 
probably  indicative  of  PCNA’s  reported  (Shivji  et  al.,  1992;  Miura  et  al.,  1996) 
involvement  in  NER  repair  mechanisms.  However,  based  on  FACS  data  (Figure  5-8), 
it  is  unclear  as  to  whether  the  elevated  levels  of  SDS-soluble  PCNA  protein  detected 
at  10  (T10-UV)  and  12  (T12-UV)  hours  post-treatment  are  associated  with  NER,  S 
phase  DNA  replication  following  a  putative  Gi  arrest  and  subsequent  cell  cycle 
progression  into  S  phase,  or  a  combination  of  both. 

5-5  Discussion 

PCNA  has  been  previously  shown  to  be  required  for  NER  (Shivji  et  al.,  1992; 
Nichols  and  Sancar,  1992)  and  long-patch  BER  (Frosina  et  al.,  1996;  Klungland  and 
Lindahl,  1997;  Kim  et  al.,  1998;  Fortini  et  al.,  1998)  in  vitro.  Further  evidence  for  a 
PCNA  role  in  DNA  repair  has  been  shown  by  the  existence  of  a  detergent-insoluble 


population  of  PCNA  protein  found  in  non-S  phase  cells  treated  with  UV  irradiation 
(Toschi  and  Bravo,  1988;  Prosperi  et  al.,  1993;  Li  et  al.,  1996;  Miura  et  al.,  1996)  or 
MMS  (Savio  et  al.,  1998).  Because  FEN1  has  also  been  shown  to  be  required  for 
long-patch  BER  in  vitro  (Klungland  and  Lindahl,  1997;  Kim  et  al.,  1998;  DeMott  et 
al.,  1998)  and  reportedly  interacts  with  PCNA  during  DNA  replication  (Li  et  al., 
1995;  Chen  et  al,  1996;  Warbrick  et  al.,  1997)  in  vitro,  I  wanted  to  examine  FEN1 
and  PCNA  mRNA/protein  expression  and  protein  solubility  patterns  in  cells  subjected 
to  DNA  damage  by  the  alkylating  agent  MMS  or  UY  irradiation. 

When  human  MRC5-SV  cells  were  subjected  to  alkylation  damage  by  MMS, 
an  effect  on  cell  cycle  progression  was  observed.  FACS  data  (Figure  5-1)  suggested 
that  treated  cell  populations  may  have  experienced  activation  of  a  Gi  cell  cycle 
checkpoint  that  led  to  near  synchronous  entry  and  progression  throughout  S  phase 
(Figure  5-1,  T8-MMS  and  T24-MMS).  Additionally,  by  24  hours  following  MMS 
treatment,  the  majority  of  MMS-treated  cells  appeared  to  have  the  DNA  complement 
of  G2/M  cells  (T24-MMS),  suggesting  that  either  an  additional  S  or  G2/M  checkpoint 
had  been  activated  or  alternatively,  an  unusually  long  (14-16  hour)  S  phase  had 
occurred.  Although  most  short-patch  and  long-patch  BER  processes  are  completed 
within  20  and  60  minutes  (Fortini  et  al.,  1998),  respectively,  it  is  possible  that  further 
DNA  damage  occurred  after  MMS  removal.  The  presence  of  new  DNA  lesions  or 
former  lesions  not  identified  and  corrected  by  repair  mechanisms  may  have  persisted 
in  S  phase,  and  that  could  lead  to  stalling  or  disassembly  of  replication  complexes 
during  S  phase.  This  could  possibly  explain  the  putative  abnormally  long  S  phase 
observed  in  treated  cell  populations. 

Previous  studies  with  Chinese  hamster  ovary  (CHO)  cells  have  demonstrated 
an  increase  in  DNA  Pol  P  and  AP  endonuclease  (Ref-1)  mRNA  levels  3-9  hours 


following  DNA  damage  caused  by  the  presence  of  either  hydrogen  peroxide  (Grosch 
et  al.,  1998)  or  MMS  (Fomace  et  al.,  1989)  in  the  medium.  Although  DNA  Pol  p  and 
Ref-1  are  involved  in  the  predominant  short-patch  BER  pathway  (Dianov  et  al.,  1992; 
Fortini  et  al.,  1998);  it  was  logical  to  examine  if  proteins  required  for  long-patch  BER 
could  also  be  transcriptionally  activated  in  response  to  DNA  damage  caused  by  MMS 
treatment.  Results  (Figure  5-2A/B,  5-3A/B)  suggest  that  FEN1  and  PCNA  mRNA 
levels  actually  decrease  for  up  to  4  hours  following  MMS  treatment,  but  then 
subsequently  increase  by  8  hours  to  levels  approaching  untreated  cells’  mRNA  levels. 
Additionally,  both  FEN1  and  PCNA  mRNA  levels  increased  even  further  by  24  hours 
post-treatment.  Although  it  is  possible  that  the  increase  in  FEN1  and  PCNA  mRNA 
levels  observed  between  4  and  8  hours  was  the  result  of  transcriptional  activation  of 
those  genes  in  a  DNA  damage  response,  it  is  more  likely  that  the  observed  increase  in 
mRNA  levels  was  due  to  up-regulation  of  those  genes  in  preparation  for  S  phase  DNA 
replication  that  appeared  to  occur  between  8  and  24  hours  post-treatment  (Figure  5-1). 
Additionally,  even  though  DNA  Pol  /?  and  Ref-1  were  transcriptionally  activated  in 
response  to  oxidative  stress  (Grosch  et  al.,  1998)  or  alkylation  damage  (Fomace  et  al., 
1989),  they  are  not  implicated  in  S  phase  DNA  replication  (Waga  et  al.,  1994).  This 
implies  that  their  induction  is  most  probably  DNA  repair-related,  whereas  the 
induction  of  FEN1  and  PCNA  can  also  be  attributed  to  cell  cycle  progression  towards 
S  phase.  Because  of  their  non-proliferative  status,  future  experiments  with  quiescent 
MRC-5  cells  may  be  necessary  to  determine  if  PCNA  and  FEN1  are  transcriptionally 
activated  by  DNA  damage  caused  by  MMS  treatment. 

Although  DNA  Pol  P  and  Ref-1  protein  levels  also  increase  by  9  hours 
following  oxidative  stress  (Grosch  et  al.,  1998)  or  MMS  treatment  (Fomace  et  al, 
1989),  a  similar  increase  in  soluble  FEN1  or  PCNA  protein  was  not  observed  here 


following  alkylation  damage  by  MMS  (Figures  5-4B,  5-4C).  Several  possibilities 
exist  as  to  why  no  increase  in  FEN1  or  PCNA  protein  was  witnessed  here.  Firstly,  a 
combination  of  FACS  (Figure  5-1)  and  mRNA  (Figures  5-2,  5-3)  data  suggests  that 
FEN1  and  PCNA  expression  may  not  have  been  induced  by  MMS  treatment. 
Secondly,  any  increase  that  may  have  occurred  between  8  and  24  hours  post-treatment 
went  undetected  because  of  the  time-points  selected.  Finally,  an  increase  in  FEN1 
and  PCNA  soluble  protein  levels  may  have  occurred  prior  to  8  hours,  but  was  below 
the  limits  of  detection.  Based  on  my  results,  I  propose  that  FEN1  and  PCNA  protein 
levels  probably  do  not  increase  as  a  result  of  alkylation  damage  by  MMS  treatment. 

It  should  also  be  noted  that  if  the  observed  increase  in  FEN1  and  PCNA 
mRNA  levels  was  due  to  cell  cycle  progression  towards  S  phase  and  not  due  to  a 
DNA  damage  response,  previous  results  (Chapter  4;  Morris  and  Mathews,  1989) 
imply  that  soluble  protein  levels  should  also  increase  accordingly.  However,  because 
of  the  16  hour  interval  between  the  last  two  time-points  analysed  (T8  and  T24),  an 
increase  in  FEN1  and  PCNA  protein  would  probably  not  have  been  detected.  Similar 
experiments  in  the  future  with  additional  time-points  between  8  and  24  hours  will  be 
necessary  to  address  that  possibility. 

Although  it  appears  that  FEN1  and  PCNA  total  protein  levels  may  not  be 
increased  as  a  result  of  alkylation  damage,  an  increase  in  insoluble  (SDS-soluble) 
PCNA  protein  was  witnessed  as  early  as  30  minutes  following  MMS  treatment 
(Figure  5-4E).  Additionally,  increased  levels  of  insoluble  PCNA  were  observed  in  all 
subsequent  time-points  examined  (Figure  5-4E,  Tl-MMS  to  T24-MMS).  These 
results  suggest  that  the  increased  levels  of  insoluble  PCNA  protein  were  the  direct 
result  of  PCNA  participation  in  BER  mechanisms.  Lastly,  it  supports  previous 
observations  of  decreased  PCNA  protein  solubility  in  quiescent  human  fibroblasts 


subjected  to  MMS  treatment  (Savio  et  al.,  1998).  Because  FACS  data  (Figure  5-1) 
suggest  that  S  phase  DNA  replication  occurred  between  8  and  24  hours  post¬ 
treatment,  it  is  possible  that  the  increased  levels  of  insoluble  PCNA  protein  witnessed 
at  8  and  24  hours  were  also  the  result  of  PCNA’s  participation  in  nuclear  DNA 
replication  (Celis  and  Celis,  1995;  Bravo  and  MacDonald-Bravo,  1985).  In  contrast 
to  PCNA,  no  change  in  FEN1  protein  solubility  was  observed  at  any  time-point 
examined  (Figure  5-4D).  This  result  suggests  that  either  FEN1  protein  may  not 
participate  in  MMS-induced  BER  mechanisms  in  vivo ,  or  that  FEN1  function  during 
BER  is  not  contingent  on  a  decrease  in  protein  solubility.  The  latter  possibility  cannot 
be  ruled  out  since  changes  in  FEN1  protein  solubility  were  not  witnessed  during  S 
phase  in  synchronised  HeLa  or  MRC-5  cells  (Chapter4),  despite  that  FEN1  protein 
participation  in  DNA  replication  is  strongly  suggested  (Ishimi  et  al.,  1988;  Goulian  et 
al.,  1990;  Turchi  andBambara,  1993;  Waga  etal.,  1994). 

The  effects  of  UV  treatment  show  numerous  similarities  to  the  effects  of  MMS 
treatment  in  MRC5-SV  cells.  FACS  analysis  of  MRC5-SV  cells  treated  with  10  J/m2 
UV  irradiation  (Figure  5-8)  suggested  that  UV  treatment  may  also  have  triggered  a  Gi 
cell  cycle  checkpoint  in  some  cells.  This  suggestion  is  based  on  the  increase  in  Gi 
cells  witnessed  at  3  and  7  hours,  and  their  near  synchronous  entry  (T10-UV)  and 
progression  (T12-UV)  through  S  phase  following  UV  treatment.  Interestingly,  FACS 
analysis  of  cells  at  24  hours  following  UV  treatment  shows  two  distinct  cell 
populations,  one  population  apparently  in  Gi  and  the  other  with  the  DNA  complement 
of  cells  in  G2/M  (Figure  5-8,  T24-UV).  This  implies  that  cells  that  appeared  to  enter 
S  phase  around  10  hours  post-treatment  (T10-UV)  had  either  completed  the  cell  cycle 
and  progressed  back  to  Gi  by  24  hours,  or  that  they  experienced  an  abnormally  long  S 
phase  or  subsequent  additional  G2/M  checkpoint.  The  former  appears  more  likely  in 


that  the  number  of  cells  in  Gj  is  greater  at  24  hours  than  at  12  hours  after  UV 
treatment.  This  suggests  that  at  least  some  cells  had  progressed  through  mitosis  to  Gi 
of  the  cell  cycle. 

Following  FACS  analysis,  examination  of  mRNA  shows  that  FEN1  and 
PCNA  mRNA  levels  appear  to  increase  above  untreated  control  levels  within  3  hours, 
and  peak  between  7  and  10  hours  in  MRC5-SV  cells  subjected  to  10  J/m2  UV 
irradiation  (Figures  5-9,  5-10).  Those  results  and  previous  observations  of  elevated 
PCNA  mRNA  levels  in  asynchronous  WI-38  human  lung  fibroblasts  following  3  J/m2 
UV  treatment  (Zeng  et  al .,  1994)  suggest  that  the  increased  PCNA  and  FEN1  mRNA 
levels  observed  here  are  the  direct  result  of  transcriptional  activation  of  those  genes 
by  DNA  repair  processes.  However,  FACS  data  (Figure  5-8)  and  previous 
observations  (Chapter  4;  Morris  and  Mathews,  1989)  of  increasing  PCNA  and  FEN1 
mRNA  levels  during  cell  cycle  progression  from  early  Gi  to  S  phase,  suggest 
otherwise.  It  is  likely  that  the  increased  FEN1  and  PCNA  mRNA  levels  witnessed 
here  were,  at  least  in  part,  due  to  cell  cycle  progression  following  a  putative  Gi  arrest, 
and  not  due  solely  to  transcriptional  induction  as  part  of  a  DNA  damage  response. 
Additionally,  Zeng  et  al.  (1994)  suggest  that  the  increase  they  observed  in  PCNA 
mRNA  within  one  to  two  hours  following  3  J/m2  UV  treatment  was  due  solely  to 
DNA  repair  mechanisms  because  asynchronous  cells  were  used  in  their  study.  The 
FACS  data  here  (Figure  5-8)  show  that  some  cell  synchrony  from  UV  treatment  may 
result  from  possible  activation  of  a  Gi  cell  cycle  checkpoint,  and  that  this  may 
subsequently  cause  activation  of  genes  in  a  cell  cycle-dependent,  and  not  repair- 
dependent  manner.  The  absence  of  FACS  data  in  the  study  by  Zeng  et  al.  (1994)  may 
have  led  to  a  premature  conclusion  regarding  PCNA  inducibility  following  DNA 
damage.  Although  subsequent  studies  suggest  a  p53-dependent  induction  of  PCNA  in 


response  to  UV  irradiation  (Shivakumar  et  al.,  1995;  Morris  et  al.,  1996),  a  cell  cycle 
effect  on  that  observed  transcriptional  activation  cannot  be  ruled  out.  Lastly,  the 
lower  (3  J/m2)  dosage  used  in  their  study,  compared  to  the  10  J/m2  used  here  may 
have  also  contributed  to  the  differences  in  our  results  and  subsequent  data 
interpretation. 

Analysis  of  FEN1  and  PCNA  protein  levels  suggests  that  no  significant 
changes  occurred  in  either  FEN1  (Figure  5-1  IB)  or  PCNA  (Figure  5-1 1C)  soluble 
protein  levels  in  MRC5-SV  cells  subjected  to  10  J/m2  LTV  irradiation.  Although  it 
appeared  that  there  was  some  FEN1  and  PCNA  transcriptional  induction  by  either  cell 
cycle-dependent  or  DNA  repair  mechanisms,  the  magnitude  of  the  induction  was 
probably  insufficient  to  be  detected  during  subsequent  analysis  of  protein  levels. 

In  addition  to  no  apparent  changes  in  protein  levels,  it  also  appeared  that 
FEN1  protein  solubility  patterns  are  unaffected  by  UV  treatment  (Figure  5-1  ID). 
Similar  to  what  I  have  observed  previously  in  other  studies  of  FEN  1  protein  solubility 
during  the  cell  cycle  (Chapter  4)  and  during  repair  of  alkylation  damage  by  MMS 
treatment  (Chapter  5,  Section  5-2),  it  appears  that  the  levels  of  insoluble  (SDS- 
soluble)  FEN1  protein  change  little  or  not  at  all  during  the  processes  of  DNA 
replication  or  repair.  This  suggests  that  either  FEN1  protein  is  not  involved  in  NER, 
or  that  its  function  during  NER  is  not  dependent  on  a  change  in  its  solubility. 
Because  FEN1  is  not  implicated  in  mammalian  NER  (Shivji  et  al,  1992;  Nichols  and 
Sancar,  1992;  Mu  et  al,  1996),  the  former  possibility  is  most  probable. 

In  contrast  to  FEN1,  PCNA  protein  exhibited  dramatic  changes  in  its  solubility 
(Figure  5-1  IE)  in  response  to  10  J/m2  UV  treatment  of  MRC5-SV  cells.  Elevated 
levels  of  insoluble  PCNA  were  witnessed  at  3, 7, 10,  and  12  hours  post-treatment,  and 
previous  observations  (Toschi  and  Bravo,  1988;  Prosperi  et  al.,  1993;  Li  et  al.,  1996; 


Miura  et  al.,  1996)  suggest  that  this  increase  was  a  direct  consequence  of  its  role  in 
NER  pathways.  It  is  also  possible  that  the  increased  levels  of  insoluble  PCNA  protein 
observed  at  7, 10,  and  12  hours  following  UV  treatment  may  also  have  been  the  result 
of  higher  levels  of  S  phase  DNA  replication  occurring  in  those  cells,  as  suggested  by 
FACS  data  (Figure  5-8). 

In  summary,  both  UV  and  MMS  treatment  of  MRC5-SV  cells  dramatically 
altered  cell  cycle  progression.  It  is  thought  that  one  or  more  cell  cycle  checkpoints 
may  have  been  activated  by  DNA  damage  that  resulted  in  the  pronounced  cell  cycle 
effect.  Although  both  FEN1  and  PCNA  mRNA  levels  were  increased  in  treated  cell 
populations,  some,  if  not  all  observed  mRNA  increases  may  be  accounted  for  by  cell 
cycle-dependent  mechanisms,  and  not  DNA  repair-related  pathways.  In  addition, 
there  appeared  to  be  no  change  in  either  FEN1  total  protein  or  protein  solubility 
patterns  caused  by  UV  or  MMS  treatment.  In  contrast,  PCNA  protein  becomes  less 
soluble  immediately  following  either  UV  or  MMS  treatment.  This  strongly  supports  a 
role  for  PCNA  in  NER  and  BER  pathways. 
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with  DMSO  only.  Cells  were  methanol-fixed,  stained  with  25  jig/ml  propidium  iodide  (PI),  and  analyzed  by  Cell  Quest  software 
(Becton-Dickenson).  Labels  on  the  individual  FACS  profiles  above  indicate  time  of  harvest  following  MMS  treatment  (TO-NT), 
and  whether  the  cells  graphically  depicted  were  MMS-treated  (MMS)  or  untreated  (NT).  The  X-axis  depicts  relative  fluorescence, 
measuring  PI  staining  (DNA  content),  and  the  Y-axis  indicates  cell  numbers. 


MMS  Experiment  1 


MMS  Experiment  2 
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Figure  5-2.  Northern  blots  of  human  MRC5-SV  cells  treated  with  1  mM  MMS 
detect  FEN1,  PCNA,  and  P-actin  mRNA.  Both  1  mM  MMS-treated  and  non-treated 
MRC5-SV  cells  from  two  independent  experiments  were  harvested  at  the  times 
indicated,  total  RNA  was  extracted,  separated  on  a  1%  denaturing  gel,  and  transferred  to 
a  nylon  membrane.  Membranes  were  subsequently  probed  with  a-[32P]  dATP-labeled 
human  FEN1  (A),  PCNA  (B),  and  the  control  P-actin  (C)  cDNA.  Individual  lanes  are 
labeled  to  indicate  the  time  of  harvest  following  MMS  treatment  (TO),  and  whether  cells 
were  treated  with  1  mM  MMS  (+)  or  control  (DMSO  only)  (-). 
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to  between  2-4  hours  following  MMS  treatment.  PCNA  mRNA  levels  also  subsequently  increase  back  to  (or  above) 
untreated  control  levels  within  24  hours  post-treatment.  Asynchronous,  non-treated  controls  (in  purple  and  yellow)  show 
minor  variations  in  PCNA  mRNA  levels  over  the  24  hours  analysed  here.  The  numbers  in  the  table  below  the  graph  are  the 
normalized  values  of  PCNA  mRNA  levels  obtained  from  densitometry  measurements.  The  X-axis  shows  harvest  times  (in 
hours)  following  MMS  treatment  and  the  Y-axis  depicts  relative  PCNA  mRNA  expression  levels  (in  arbitrary  units). 


Figure  5-4.  Levels  of  NP40  and  SDS-soluble  FEN1  and  PCNA  protein  detected  on 
western  blots  with  protein  extracted  from  human  MRC5-SV  cells  treated  for  one  hour 
with  1  mM  MMS.  MRC5-SV  cells  were  treated  for  one  hour  with  1  mM  MMS  (in  DMSO) 
and  untreated  and  MMS-treated  cells  were  harvested  at  0, 0.5, 1, 2, 4,  8,  and  24  hours.  NP40- 
soluble  and  SDS-soluble  protein  was  extracted,  separated  by  12%  SDS-PAGE,  and 
Coomassie-stained  (A)  and  (B)  or  western  blotted  and  probed  with  anti-Xenopus  FEN1 
polyclonal  antibody  (diluted  to  1:2000)  (C)  and  (E),  then  anti-PCNA  monoclonal  antibody 
PC  10  (1:1000)  (D)  and  (F).  Molecular  weight  markers  sizes  (in  kDa)  are  depicted  in  the 
centre  of  the  figures.  No  differences  were  noted  in  the  levels  of  soluble  FEN  1  or  PCNA 
protein  between  untreated  and  MMS-treated  MRC5-SV  cells,  nor  were  any  significant 
changes  detected  in  the  levels  of  insoluble  (SDS-extracted)  FEN1  protein.  In  contrast,  higher 
levels  of  insoluble  PCNA  protein  were  detected  in  virtually  all  MMS-treated  fractions,  in 
comparison  to  controls  treated  with  DMSO  only. 


Figure  5-5.  Northern  blots  of  human  MRC5-SV  cells  treated  with  various 
doses  of  UV  irradiation  detect  FEN1,  PCNA,  and  GAPDH  mRNA.  Human 
MRC5-SV  cells  were  treated  with  varying  doses  (5-50  J/m2)  of  UV  irradiation  and 
both  untreated  and  UV-treated  cells  were  harvested  at  5  and  10  hours  following 
treatment.  Total  RNA  was  extracted  and  approximately  15  pg  of  total  RNA  from 
each  time-point  were  separated  on  a  1%  formaldehyde-agarose  denaturing  gel, 
Northern  blotted,  and  probed  with  a-[32P]  dATP-labeled  human  (A)  FEN1,  (B) 
PCNA,  and  the  control  (C)  GAPDH  cDNA.  The  labels  above  each  lane  indicate  the 
time  of  cell  harvest  after  UV  irradiation  (0,  5,  or  10  hours),  and  the  UV  dose  used 
(in  J/m2).  It  appears  that  both  FEN1  and  PCNA  mRNA  levels  are  slightly  increased 
at  non-lethal  doses  (5  &  10  J/m2),  but  decreased  at  higher  doses  (20,  30,  50  J/m2)  5 
hours  following  UV  irradiation.  Analysis  at  10  hours  was  inconclusive  due  to 
unclear  RNA  bands  in  the  T0-NT  and  T1 0-10  J/m2  fractions,  probably  due  to  a 
bubble  in  the  gel. 


Untreated  5  J/m2  10J/m2  20J/m2  30J/m2  50J/m2 

UV  Dosage  Used  (J/m2) 

□  FEN1  mRNA  levels  at  TO 

□  FEN1  mRNA  levels  at  T5 

□  FEN1  mRNA  levels  at  T10 

□  PCNA  mRNA  levels  at  TO 

■  PCNA  mRNA  levels  at  T5 

_ □  PCNA  mRNA  levels  at  TIP _ 

Figure  5-6.  Normalized  FEN1  and  PCNA  mRNA  levels  in  human  MRC5-SV  cells  in 
response  to  various  doses  (5-50  J/m2)  of  U  V  irradiation.  Autoradiograph  films  from 
Northern  probes  depicted  in  Figures  5-5A,  B,  and  C  were  subjected  to  densitometiy 
measurements  on  a  BioRad  GS-670  Imaging  Densitometer  and  FEN1  and  PCNA  mRNA 
levels  were  normalized  to  account  for  loading  variations  detected  by  the  GAPDH  cDNA 
control.  The  results  of  this  dosage-response  experiment  show  that  FEN1  and  PCNA  mRNA 
levels  appear  to  slightly  increase  at  5  and  10  J/m2,  but  increasingly  decline  at  higher  UV 
doses  (20, 30,  and  50  J/m2,  respectively)  at  5  hours  following  UV  irradiation.  FEN1  and 
PCNA  mRNA  levels  at  50  J/m2  remained  well  below  untreated  control  levels  at  10  hours 
post-UV  treatment.  mRNA  values  at  10  hours  post-treatment  in  untreated  and  10  J/m2- 
treated  were  omitted  due  to  a  bubble  in  the  RNA  gel.  The  X-axis  shows  UV  dosage  levels 
(in  J/m2)  and  the  Y-axis  refers  to  relative  FEN1  and  PCNA  mRNA  expression  levels  (in 
arbitrary  units). 
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Figure  5-7.  Levels  of  NP40  and  SDS-soluble  FEN1  and  PCNA  protein  detected  on 
western  blots  with  protein  extracted  from  human  MRC5-SV  cells  treated  with 
various  doses  (5-50  J/m2)  of  UV  irradiation.  MRC5-SV  cells  were  treated  with 
various  doses  of  UV  irradiation  (5-50  J/m2).  Untreated  and  UV-treated  cells  were 
harvested  at  0,  5,  and  10  hours  following  treatment.  NP4-  and  SDS-soluble  protein  was 
extracted,  separated  by  1 0%  SDS-PAGE,  and  Coomassie-stained  (A),  (B)  or  western 
blotted  and  probed  with  anti-Xenopus  FEN1  polyclonal  antibody  (diluted  to  1:2000) 
(C)  and  (E)  then  anti-PCNA  monoclonal  antibody  PC  10  (1:1000)  (D)  and  (F). 
Molecular  weight  marker  (M)  sizes  (in  kDa)  are  indicated  in  the  centre  of  the  figure. 
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Figure  5-8.  FACS  analysis  of  human  MRC5-SV  cells  treated  with  10  J/m2  UV 
irradiation.  Human  MRC5-SV  cells  were  treated  with  10  J/m2  UV  irradiation  and 
harvested  at  0,  3, 7, 10, 12,  and  24  hours  following  treatment,  along  with  non-irradiated 
controls.  All  cells  were  methanol-fixed,  stained  with  25  pg/ml  propidium  iodide  (PI), 
and  analyzed  by  Cell  Quest  software  (Becton-Dickenson).  Labels  on  the  individual 
FACS  profiles  above  indicate  time  of  harvest  following  UV  treatment  (TO-non  treated), 
and  whether  the  cells  graphically  depicted  were  UV-treated  (UV)  or  untreated  (NT). 
The  X-axis  indicates  relative  fluorescence,  measuring  PI  staining  (DNA  content),  and 
the  Y-axis  indicates  cell  numbers. 
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Figure  5-9.  Northern  blots  of  human  MRC5-SV  cells  treated  with  10  J/m2  UV  irradiation. 

Both  10  J/m2  UV-treated  and  non-treated  MRC5-SV  cells  from  two  independent  experiments 
were  harvested  at  the  times  indicated,  total  RNA  was  extracted,  separated  on  a  1%  denaturing 
gel,  and  transferred  to  a  nylon  membrane.  Membranes  were  subsequently  probed  with  a-[32P] 
dATP-labeled  (A)  FEN1,  (B)  PCNA,  and  the  control  (C)  GAPDH  cDNA.  Individual  lanes  are 
labeled  to  indicate  the  time  (in  hours)  of  harvest  following  UV-irradiation,  and  whether  RNA 
was  extracted  from  non-treated  (-)  or  UV-treated  (+)  cells.  The  lack  of  distinct  bands  in  T10  (-) 
of  experiment  2  are  thought  to  be  the  result  of  RNA  degradation  in  that  sample. 
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Human  FEN1  mRNA  Levels 
In  Response  to  10  J/m2  UV  Irradiation 


Figure  5-10A.  Normalized  FEN1  mRNA  levels  in  human  MRC5-SV  cells  in  response 
to  10  J/m2  UV  irradiation.  Autoradiograph  films  from  Northern  probes  depicted  in 
Figures  5-9A  &  C  were  subjected  to  densitometiy  measurements  on  a  BioRad  GS-670 
Imaging  Densitometer  and  FEN1  mRNA  levels  were  normalized  to  account  for  loading 
variations  detected  by  the  GAPDH  cDNA  control  probe.  The  results  from  the  two 
experiments  show  that  FEN1  mRNA  levels  (in  red  and  light  blue)  dramatically  increase  7 
hours  following  UV  treatment  and  gradually  decrease  to  untreated  control  levels  (in  purple 
and  yellow)  by  12  hours  and  remain  at  untreated  levels  24  hours  post-treatment.  Non- 
treated  controls  (in  purple  and  yellow)  show  little  variation  in  FEN1  mRNA  expression 
levels  over  the  24  hours  analysed  here.  The  numbers  in  the  table  below  the  graph  are  the 
normalized  values  of  FEN 1  mRNA  expression  levels  obtained  from  densitometry 
measurements.  The  value  for  TIO-untreated  in  experiment  2  is  omitted  due  to  RNA 
degradation  that  prevented  densitometry  measurements.  The  X-axis  shows  non-linear 
harvest  times  (in  hours)  following  UV  treatment  and  the  Y-axis  depicts  relative  FEN1 
mRNA  expression  levels  (in  arbitrary'  units). 
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Human  PCNA  mRNA  Levels  in 


Figure  5-10B:  Normalized  PCNA  mRNA  levels  in  MRC5-SV  cells  in  response  to  10 
J/m2  UV  irradiation.  Autoradiograph  films  from  Northern  probes  depicted  in  Figures  5-9B 
&  C  were  subjected  to  densitometry  measurements  on  a  BioRad  GS-670  Imaging 
Densitometer  and  PCNA  mRNA  levels  were  normalized  to  account  for  loading  variations 
detected  by  the  GAPDH  cDNA  control  probe.  The  results  from  two  independent 
experiments  show  that  PCNA  mRNA  levels  (in  red  and  light  blue)  are  increased  by  3  hours, 
peak  around  7  hours,  and  subsequently  decrease  to  untreated  control  levels  (in  purple  and 
yellow)  by  24  hours  in  response  to  10  J/m2  UV  irradiation.  Non-treated  controls  (in  purple 
and  yellow)  show  little  variation  in  PCNA  mRNA  expression  levels  over  the  24  hours 
analysed  here.  The  numbers  in  the  table  below  the  graph  are  the  normalized  values  of 
PCNA  mRNA  expression  levels  obtained  from  densitometry  measurements.  The  value  for 
TIO-untreated  in  experiment  2  is  omitted  due  to  RNA  degradation  that  prevented 
densitometry  measurements.  The  X-axis  shows  harvest  times  (in  hours)  following  UV 
treatment  and  the  Y-axis  depicts  relative  PCNA  mRNA  expression  levels  (in  arbitrary 
units). 
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Figure  5-11.  Levels  of  NP40  and  SDS-soluble  FEN1  and  PCNA  protein  detected  on 
western  blots  with  protein  extracted  from  human  MRC5-SV  cells  treated  with  10 
J/m2  UV  irradiation.  MRC5-SV  cells  were  treated  with  10  J/m2  UV  irradiation,  UV- 
treated  (+)  and  non-treated  (-)  cells  were  harvested,  NP40-soluble  and  SDS-soluble 
protein  extracted,  separated  by  10%  SDS-PAGE,  and  Coomassie-stained  (A),  (B)  or 
western  blotted,  and  probed  with  anti-Xenopus  FEN1  polyclonal  antibody  (1:2000)  (C) 
and  (E),  then  anti-PCNA  monoclonal  antibody  PC  10  (1 : 1000)  (D)  and  (F).  Molecular 
weight  markers  (in  kDa)  are  indicated  in  the  centre  of  the  figures  (M). 
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CHAPTER  SIX:  ANALYSIS  OF  THE  HUMAN  FEN* 
GENE  AND  PROMOTER  REGION 


6-1:  Introduction 

In  the  preceding  chapters  of  this  thesis,  I  have  shown  that  the  human  FEN1  gene 

) 

may  be  expressed  in  a  cell  cycle-regulated  manner  since  FEN1  mRNA  levels  increase  as 
cells  approach  S  phase.  A  logical  extension  of  this  analysis  is  to  examine  the  genomic 
FEN l  coding  sequence  and  promoter  region,  and  eventually  identify  DNA  sequences 
essential  for  cell  cycle-regulation  of  expression.  Until  recently,  only  the  cDNA  sequence 
was  available  and  it  has  been  extensively  examined  (Robins  et  al.,  1994;  Harrington  & 
Lieber,  1994,  1995;  Shen  et  al.,  1996,  1997,  1998)  in  regard  to  functional  and  putative 
interactive  domains  in  the  encoded  protein  sequence.  Now  that  the  genomic  sequence, 
that  encompasses  the  human  FEN1  gene,  has  been  released  as  part  of  the  Human  Genome 
Project  (Lamerdin  et  al.,  unpublished,  1998),  the  promoter  region  and  regulation  of  FEN1 
gene  expression  can  be  analyzed.  In  this  chapter,  I  examine  expression  of  human  FEN1 
mRNA  transcripts  in  various  human  tissues  and  several  different  human  cell  lines.  I  then 
use  computer  programs  optimized  for  DNA  sequence  analysis  to  propose  putative 
regulatory  elements  and  transcriptional  start  sites  for  human  FEN1.  Due  to  time 
constraints,  a  more  detailed  analysis  of  the  human  FEN1  promoter  and  putative 
regulatory  sequences  was  not  possible  here.  Instead,  the  purpose  of  this  analysis  is  to 
provide  a  starting  point  for  future  research  that  will  examine  human  FEN1  gene 
regulation  during  the  cell  cycle  and  in  response  to  DNA  damage. 
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6-2:  Results 


6-2.1:  Examination  of  human  FEN1  mRNA  levels  in  multiple  human  tissues 

Having  previously  shown  (Chapter  4)  that  human  FEN1  mRNA  is  elevated  in 
proliferating  cells  as  they  approach  S  phase,  I  asked  here  whether  human  FEN1  mRNA 
expression  varied  in  different  human  tissues  with  varying  proliferative  and  metabolic 
rates.  Specifically,  I  wanted  to  examine  FEN1  mRNA  expression  in  various  cell  types  to 
see  if  there  is  any  distinctive  tissue-specific  pattern  of  expression,  and  to  compare  its 
expression  with  other  well-characterized  human  genes,  such  as  PCNA. 

Approximately  2pg  of  polyA+  mRNA  from  each  of  12  different  human  tissue 
types  were  separated  by  denaturing  gel  electrophoresis  and  transferred  to  nylon 
membrane  (Multiple  Choice™,  Origene  Technologies,  Inc.).  The  12  different  tissue 
types  examined  include  brain,  heart,  kidney,  spleen,  liver,  colon,  lung,  small  intestine, 
muscle,  stomach,  testis,  and  placenta.  In  addition.  Northern  blots  also  contained  RNA 
size  markers  (RNA  Millenium  markers,  Ambion),  that  were  run  in  parallel  with  the 
samples,  and  are  indicated  on  the  membranes. 

Northern  blots  were  initially  probed  with  [a-32P]  dATP-labeled  human  FEN1 
cDNA  (See  Methods  &  Materials).  As  can  be  seen  in  Figure  6-1  A,  FEN1  mRNA 
expression  was  not  detectable  in  all  human  tissue  types.  The  highest  level  of  detected 
FEN1  mRNA  was  noted  in  the  small  intestine,  with  lesser  amounts  detected  in  testis, 
lung,  and  muscle,  respectively.  Very  long  exposure  times  (10  days)  detected  extremely 
low  levels  of  expression  in  the  brain,  heart,  placenta,  and  possibly  colon  (data  not 
shown),  but  no  expression  was  detected  in  the  kidney,  spleen,  liver,  and  stomach. 
Although  it  appears  in  Figure  6-1  that  considerable  FEN1  mRNA  was  detected  in 


placenta  tissue,  the  majority  of  that  signal  can  be  attributed  to  background,  and  not  actual 
mRNA.  It  should  also  be  noted  that  the  size  of  FEN1  transcripts  detected  here  were 
approximately  2.2-2.3  kb,  in  comparison  to  the  RNA  size  markers  on  the  blots.  This 
agrees  with  previous  estimates  (Chapters  4  and  5)  of  human  FEN1  transcript  size,  in 
comparison  to  other  known  (eg.  18S  rRNA,  PCNA,  GAPDH)  mRNA  sizes. 

Figure  6-1  showing  Multiple  choice  blots  probed  w/  FEN1,  PCNA,  GAPDH,  Actin 

Because  I  have  demonstrated  that  human  FEN1  mRNA  expression  appears  to 
mirror  PCNA  mRNA  expression  patterns  in  synchronized  HeLa  and  MRC5  cells 
(Chapter  4),  I  next  compared  FEN1  and  PCNA  mRNA  expression  on  these  same  blots. 
After  briefly  stripping  of  other  cDNA  probes,  the  membranes  were  pre-hybridized  and  re¬ 
probed  with  [oc-32P]  dATP-labeled  human  PCNA  cDNA  (See  Methods  and  Materials). 
As  can  be  seen  in  Figure  6-1B,  human  PCNA  mRNA  expression  is  similar  to  FEN1 
mRNA  expression  levels  in  the  various  tissues.  The  highest  level  of  expression  was 
noted  in  the  small  intestine,  with  lesser  amounts  detected  in  testis,  lung,  and  muscle, 
respectively.  Very  long  exposure  times  revealed  extremely  low  levels  of  expression  in 
the  placenta,  brain,  heart,  and  colon;  but  unlike  FEN1,  after  long  exposure  times  very  low 
levels  of  PCNA  mRNA  expression  were  also  detected  in  kidney,  spleen,  and  liver  (data 
not  shown).  In  addition,  and  similar  to  FEN1,  no  PCNA  expression  was  noted  in 
stomach  tissue.  The  putative  PCNA  mRNA  band  in  Figure  6-1  is  thought  to  be  non¬ 
specific  background  probe  not  efficiently  removed  during  the  wash  steps. 


In  general,  it  can  be  stated  that  where  the  highest  levels  of  FEN1  and  PCNA 
expression  levels  in  the  various  tissues  were  detected  (small  intestine,  lung,  testis,  and 
muscle),  FEN1  and  PCNA  mRNA  expression  levels  appeared  quite  similar.  It  should 
also  be  noted  that  PCNA  expression  may  be  slightly  more  ubiquitous  than  FEN1.  This 
may  reflect  PCNA's  well-documented  role  in  several  DNA  damage  repair  mechanisms 
(Shivji  et  al. ,  1992;  Frosina  et  al.,  1996;  Umar  et  al.,  1996)  that  have  not  yet  been 
demonstrated  for  FEN1.  However,  the  apparent  similarities  of  FEN1  and  PCNA 
expression  patterns  observed  here  may  be  simply  indicative  of  the  proliferative  state  of 
the  cells  in  tissues  examined. 

To  control  for  variation  in  mRNA  loading  on  the  tissue  blots,  membranes  were 
also  probed  with  [a-32P]  dATP-labeled  human  GAPDH  (Figure  6- 1C)  and  [32P]  dATP- 
labeled  p-actin  (Figure  6- ID)  cDNA  control  probes.  Interestingly,  GAPDH  expression 
was  detected  in  all  tissue  types,  but  to  varying  degrees.  Highest  GAPDH  expression  was 
detected  in  muscle,  followed  by  small  intestine,  testis,  heart,  brain,  lung,  liver,  and  colon. 
Lower  levels  of  expression  were  noted  in  placenta,  spleen,  kidney,  and  stomach.  Because 
of  the  essential  role  of  GAPDH  protein  in  cellular  metabolism  (Alberts  et  al.,  1994),  the 
differences  in  expression  level  may  simply  reflect  the  metabolic  state  of  cells  in  the 
various  tissues  examined.  Although  GAPDH  may  serve  as  a  proper  cell  cycle- 
independent  control  for  total  RNA  expression  level  estimation  when  examining  samples 
from  the  same  cell  line,  it  appears  that  it  may  not  be  a  valid  control  when  comparing 
different  cell  types  with  varying  metabolic  rates. 

Surprisingly,  the  P-actin  cDNA  control  probe  (Figure  6-ID)  also  revealed 
significant  differences  in  actin  mRNA  detected  in  the  various  tissues.  This  was 


unexpected,  in  that  actin  expression  is  thought  not  to  be  directly  dependent  on  the 
metabolic  or  proliferative  state  of  cells  and  is  ubiquitously  expressed  in  most  cell  types 
previously  examined.  In  addition,  the  actin  probe  detected  two  different  mRNA  species 
among  the  various  tissues.  The  expected  2.2-23  kb  p-actin  mRNA  transcript  was 
detected  in  all  tissue  types  examined,  but  an  additional  1.7-1. 8  kb  transcript  was  also 
detected  in  heart,  colon,  lung,  small  intestine,  and  muscle.  The  smaller  (1.7- 1.8  kb) 
transcript  is  most  probably  the  result  of  non-specific  cDNA  probe  hybridization  to  a- 
actin,  since  a-actin  is  the  predominant  species  of  actin  found  in  muscle  cells,  and  it 
shares  considerable  sequence  identity  with  P-actin  (Alberts  et  al.,  1994).  Overall, 
assuming  that  the  total  level  of  actin  mRNA  expression  indicates  relative  mRNA  loading, 
it  appears  that  the  highest  amounts  of  polyA+  mRNA  were  contained  in  muscle,  small 
intestine,  lung,  heart,  spleen,  placenta,  colon,  testis,  stomach,  liver,  brain,  and  kidney, 
respectively. 

Because  it  appears  that  unequal  amounts  of  polyA+  mRNA  from  the  various 
types  of  human  tissue  were  loaded,  a  direct  comparison  of  human  FEN1  mRNA 
expression  levels  in  the  different  tissues  would  be  inconclusive.  Instead,  a  comparison 
between  FEN1  and  PCNA  mRNA  expression  levels  (Figures  6-1 A  &  B)  suggests  that  the 
two  genes  may  be  expressed  similarly  within  the  12  different  human  tissues  examined 
here,  although  PCNA  mRNA  expression  appears  slightly  more  ubiquitous.  Additionally, 
the  low  levels,  or  absence  of,  FEN1  mRNA  expression  in  certain  types  of  human  tissue 
(eg.  spleen,  stomach,  and  kidney)  may  simply  reflect  low  concentrations  of  total  mRNA 
present  in  those  samples,  and  not  reflect  tissue-specific  differences  in  the  expression 
levels  of  those  genes. 
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6-2.2:  Comparison  of  Human  FJEN1  cDNA  and  Genomic  DNA  Sequences 

After  analyzing  human  FEN1  expression  in  various  human  tissues,  I  next  wanted 
to  examine  the  human  FEN1  cDNA  and  genomic  DNA  sequences.  The  human  FEN1 
cDNA  sequence  was  originally  obtained  through  RT-PCR  amplification  of  HeLa  cell 
polyA+  RNA  using  primers  derived  from  conserved  regions  of  the  FEN1  homologue.  S'. 
pombe  rad.2  gene  (Murray  et  al.,  1994).  It  was  subsequently  cloned  again  during 
screening  of  a  human  leukemic  T-cell  cDNA  phage  library  (Hiraoka  et  al.,  1995).  Only 
one  cDNA  sequence  (Murray  et  al,  1994)  contains  sequence  information  5’  and  3’  to  the 
consensus  coding  region.  Early  analysis  of  HeLa  cell  mRNA  described  “moderate 
expression”  of  human  FEN1  mRNA  with  a  single  transcript  size  of  approximately  2.0  kb 
detected  by  FEN1  cDNA  probes  of  Northern  blots  (Murray  et  al.,  1994).  However,  since 
that  publication,  there  has  been  no  further  information  concerning  human  FEN1  mRNA 
expression,  nor  have  any  analyses  of  genomic  DNA  promoter  and  coding  regions  been 
published. 

In  1998,  as  part  of  the  human  genome  project  (Joint  Genome  Institute,  Lawrence 
Livermore  National  Laboratory,  USA),  the  genomic  DNA  sequence  of  clone  CIT-HSP- 
31  le8  from  chromosome  11  was  made  available  (Lamerdin  et  al.,  accession  number 
AC004770,  unpublished,  1998).  This  185  kb  sequence  contained  the  genomic  DNA 
sequence  of  human  FEN1.  In  addition,  it  verified  previous  results  (Hiraoka  et  al.,  1995) 
which  localised  the  human  FEN1  gene  to  chromosome  llql2  using  fluorescent  in  situ 
hybridization  (FISH). 


Figure  6-2A/B/C/D  showing  genomic  and  cDNA  sequences 


Figure  6-2 A  shows  the  original  human  FEN1  cDNA  sequence  published  by 
Murray  et  al  (1994)  and  Figure  6-2B  depicts  the  genomic  DNA  sequence  from 
chromosome  11  that  was  recently  made  available  (Lamerdin  et  al,  unpublished). 
Interestingly,  in  comparing  the  genomic  and  cDNA  sequences,  it  becomes  evident  that 
the  human  FEN1  gene  contains  no  introns.  Although  not  unprecedented,  coding  genes 
containing  no  introns  are  not  common  in  higher  eukaryotes  (Singer  and  Berg,  1991).  The 
predicted  1140  base  pair  (bp)  coding  sequence  from  genomic  DNA  is  identical  to  the 
cDNA  sequence  reported  previously  (Murray  et  al.,  1994;  Hiraoka  et  al,  1995).  In 
addition,  although  the  3’  untranslated  region  (UTR)  shows  only  three  minor  discrepancies 
between  the  cDNA  and  genomic  DNA  sequences  (highlighted  in  Figures  6-2A,  B),  there 
are  significant  differences  in  the  5’  UTRs  reported  (Figures  6-2C,  6-2D).  Only  the  23 
bases  immediately  5’  to  the  translational  start  site  (ATG)  are  identical  between  the  cDNA 
(Figure  6-2C)  and  genomic  (Figure  6-2D)  sequences.  Upstream  (5’)  of  those  23  bases, 
there  are  no  similarities  between  the  two  sequences.  This  suggests  that  one  of  these 
sequences  is  in  error. 

Because  the  original  cDNA  sequence  (Murray  et  al,  1994)  was  obtained  by  using 
FEN1  cDNA,  derived  from  RT-PCR  of  HeLa  cell  polyA+  mRNA  to  probe  a  pDR2 
human  cDNA  library,  it  is  quite  possible  that  sequences  5’  to  the  coding  region  have  been 
lost  or  modified  during  library  construction  and  amplification.  However,  it  is  unclear  as 
to  why  the  3’  UTR  sequences  are  nearly  identical  and  the  5’  sequences  so  dissimilar.  In 
addition,  Murray  et  al  (1994)  suggested  that  their  entire  published  cDNA  sequence  was 
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accurate,  based  on  a  single  class  of  2.0  kb  mRNA  transcripts  detected  using  human  FEN1 
cDNA  probes  on  Northern  blots  of  total  human  RNA.  However,  my  results  suggest  that 
human  FEN1  mRNA  transcripts  are  larger  than  2.0  kb. 

During  this  work,  I  have  investigated  FEN1  mRNA  expression  in  HeLa,  primary 
MRC-5,  SV40-transformed  MRC5  cells,  and  mRNA  derived  from  multiple  human 
tissues  in  order  to  investigate  the  size  and  expression  patterns  of  human  FEN1  mRNA 
under  different  cell  cycle  (Chapter  4)  and  repair  (Chapter  5)  conditions,  and  in  different 
human  tissues  (Figure  6-1).  In  the  study  of  human  FEN1  expression  during  DNA 
replication  (Chapter  4)  and  repair  (Chapter  5),  28S  and  18S  ribosomal  RNA  bands  were 
used  as  relative  size  markers.  Although  it  is  difficult  to  ascertain  exact  transcript  size 
based  on  a  comparison  with  either  the  rRNA  bands  or  the  other  mRNA  bands  examined 
(PCNA,  GAPDH),  it  appeared  that  human  FEN1  mRNA  transcripts  may  be  larger  than 
the  2.0  kb  originally  estimated  (Murray  et  al.,  1994).  Multiple  human  tissue  blots 
(Multiple  Choice™,  Origene  Technologies,  Inc.)  are  supplied  with  RNA  markers  (RNA 
Millenium  markers,  Ambion)  shown  to  be  accurate  indicators  of  transcript  size  (Ambion , 
1998).  When  Northern  blots  from  multiple  human  tissues  were  probed  with  [a-32P] 
dATP-labeled  human  FEN1  cDNA  (Figure  6-1A),  it  appeared  that  human  FEN1 
transcripts  were  approximately  2.2-2.3  kb,  based  on  a  comparison  with  the  RNA  size 
markers.  This  single  transcript  size  is  similar  in  the  various  tissues  where  FEN1 
expression  was  detected,  indicating  that  FEN1  is  most  probably  not  alternatively  spliced 
in  the  different  cell  types  examined,  nor  are  poly-adenylation  sequence  lengths 
significantly  different.  These  results  suggest  that  human  FEN1  mRNA  transcripts  may 
be  approximately  2. 2-2.3  kb  in  length. 


707 


6-2.3:  Prediction  of  Human  FEN1  Promoter  Regions 


To  further  investigate  the  disparity  between  reported  (Murray  et  ah,  1994)  and 
observed  (Figure  6-1  A)  human  FEN1  mRNA  transcript  length,  I  next  examined  the 
genomic  FEN l  sequence  to  identify  putative  transcriptional  start  sites  (TSS).  Promoter 
Prediction  by  Neural  Network  (NNPP:  Reese,  1994,  Reese  &  Eeckman,  1995;  Reese  et 
ah,  1996)  is  a  method  that  can  identify  putative  eukaryotic  promoters  and  transcriptional 
start  sites  in  genomic  DNA  sequences.  Based  on  a  careful  4-fold  cross-validation  test  on 
429  eukaryotic  RNA  Polymerase  II  (RNA  Pol  II)  promoters  (Bucher  &  Trifonov,  1986; 
Bucher,  1989)  from  the  Eukaryotic  Promoter  Database  (EPD,  version  50)  and  on  305 
unrelated  genes  where  the  false  positive  rate  was  less  than  1%,  1300  bases  5'  to  the 
translational  start  site  of  the  human  FEN1  genomic  sequence  were  input  and  analyzed 

Table  6-1  putative  Transcriptional  Start  Sites  from  NNPP 

Three  different  putative  51 -bp  transcriptional  start  sites  were  identified  (Table  6- 
1)  by  NNPP.  Referring  to  Table  6-1,  the  first  predicted  transcriptional  start  site  is  located 
approximately  950  bp  prior  to  the  translational  start  codon  (ATG)  and  would  result  in  a 
mRNA  transcript  size  of  approximately  2.85  kb.  The  second  predicted  transcriptional 
start  site  is  located  approximately  700  bp  prior  to  the  translational  start  site,  and  would 
result  in  a  2.6  kb  mRNA  transcript  size.  Both  these  putative  TSS  would  result  in  human 
FEN1  mRNA  transcripts  significantly  larger  than  observed  previously  (2.0  kb,  Murray  et 
ah,  1994),  and  in  current  investigations  (Chapter  4,  5,  Figure  6-1A).  Interestingly,  using 


the  third  NNPP-predicted  transcriptional  start  site  [-306  nt  to  the  ATG  start  codon  (+1)], 
and  assuming  that  transcription  terminates  approximately  30-40  nucleotides  downstream 
of  the  poly-adenylation  signal  (AAUAAA)  (Bimstiel  et  al.,  1985)  in  the  human  FEN1  3' 
UTR  (seen  in  both  cDNA  and  genomic  sequences.  Figures  6-2A  &  B),  the  predicted 
human  FEN1  mRNA  transcript  size  is  approximately  2.2  kb.  This  size  is  in  agreement 
with  human  FEN1  transcript  sizes  observed  here  (Figure  6-1A),  but  only  slightly  larger 
than  the  2.0  kb  transcript  estimated  by  Murray  et  al.  (1994).  Based  on  these 
observations,  I  propose  that  human  FEN1  mRNA  transcripts  are  approximately  2.2  kb. 
However,  further  studies,  such  as  RT-PCR  of  extracted  human  mRNA  using  primers  5’ 
and  3’  of  the  proposed  TSS,  are  necessary  to  validate  the  proposed  human  FEN1 
transcriptional  start  site  and  mRNA  transcript  size. 

6-2.4;  Analysis  of  the  Human  FEN1  Putative  Promoter  Region 

Now  that  the  human  FEN1  genomic  sequence  is  available  (Lemardin  et  al.,  1998, 
unpublished),  I  wanted  to  briefly  examine  the  promoter  region  and  identify  putative 
sequences  that  may  regulate  its  expression.  Because  FEN1  mRNA  expression  exhibited 
numerous  similarities  to  PCNA  mRNA  expression  in  synchronized  cell  populations  in 
response  to  serum  stimulation  (MRC-5),  and  during  cell  cycle  progression  from  early  Gi 
towards  S  phase  (HeLa,  MRC-5;  Chapter  4,  Figures  4-2,  4-11),  putative  FEN1  regulatory 
elements  were  identified  (Table  6-2)  that  display  sequence  similarities  to  published 
PCNA  promoter  sequences.  In  addition,  the  computer  program,  PROMOTER  SCAN 
(Prestridge,  Advanced  Biosciences  Computing  Center,  University  of  Minnesota),  was 
also  used  to  predict  putative  RNA  Pol  II  promoter  sequences  contained  in  the  region 
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approximately  1.3  kb  upstream  (5')  of  the  human  FEN1  gene.  This  program  was 
developed  to  recognize  a  high  percentage  of  RNA  Pol  II  promoter  sequences,  while 
allowing  only  a  low  rate  (less  than  1%)  of  false  positives.  Although  neither  conclusive 
nor  comprehensive,  the  algorithm  used  by  this  program  utilizes  more  than  2000 
individual  binding  sites  that  have  been  described  (Ghosh,  1993)  and  obtained  from  the 
eukaryotic  promoter  and  GenBank  sequence  databases  to  identify  putative  promoter 
sequences  using  transcription  factor  binding  sites.  Table  6-2  summarizes  the  results  of 
the  human  FEN1  promoter  analysis  using  this  program,  as  well  as  comparisons  to 
published  PCNA  promoter  sequences,  with  the  genomic  DNA  sequence  5’  (proximal)  to 
die  human  FEN1  gene. 

Table  6-2  showing  results  of  promoter  study 

It  should  be  noted  that  this  analysis  assumes  that  the  genomic  sequence  used  here 
is  absolutely  correct  and  without  error.  It  is  quite  possible  that  minor  sequence  variations 
or  errors  are  contained  in  the  genomic  sequence,  possibly  due  to  PCR  amplification 
and/or  sequencing  analysis  ambiguities.  For  that  reason,  some  degenerative  sequences 
are  included  among  the  putative  regulatory  sequences  outlined  in  Table  6-2. 

Table  6-2  shows  that  the  human  FEN1  gene  possesses  several  putative  regulatory 
elements  also  contained  in  the  PCNA  gene.  The  presence  of  putative  CAAT  boxes,  SP1, 
cAMP-response  elements  (CREs),  API,  AP2,  AP3,  and  AP4  sites,  some  of  which  have 
been  shown  to  regulate  PCNA  mRNA  expression  in  response  to  mitogenic  stimulation 
(reviewed  by  Baserga,  1991),  suggests  that  human  FEN]  may  possibly  be  regulated  by 
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similar  mechanisms.  In  contrast,  although  PCNA  lacks  a  canonical  TATA  box  (Travili  et 
al.,  1989),  six  different  putative  FEN1  TATA  elements  were  identified  (Table  6-2). 
Interestingly,  the  putative  TATA  element  at  -297  was  also  identified  and  used  by  the 
NNNP  promoter  prediction  (Reese,  1994)  to  predict  the  proposed  TSS  for  human  FEN1 
(Table  6-1). 

Further  comparisons  between  the  FEN1  and  PCNA  promoter  sequences  suggest 
that  there  are  likely  to  be  additional  differences  between  human  FEN1  and  PCNA 
transcriptional  regulation.  Firstly,  although  the  human  FEN1  gene  contains  no  introns, 
the  PCNA  gene  contains  negative  regulatory  elements  in  intron  1  (Alder  et  al.,  1992)  and 
intron  4  (Ottavio  et  al,  1990).  Secondly,  the  PCNA  promoter  contains  a  p53  consensus 
binding  site  (El-Deiry  et  al.,  1992)  that  leads  to  transcriptional  activation  of  PCNA 
mRNA  expression  by  low  levels  of  wild-type  p53  protein  (Shivakumar  et  al.,  1995). 
Analysis  of  the  1300  bases  5'  to  the  human  FEN1  ORF  shows  no  putative  p53  binding 
sites.  It  is  possible  that  p53  activation  of  PCNA  expression  leads  to  PCNA  protein's 
participation  in  various  DNA  repair  mechanisms  (Shivji  et  al.,  1992;  Frosina  et  al.,  1996; 
Umar  et  al.,  1996). 

Although  this  brief  analysis  highlights  major  similarities  and  differences  between 
the  human  FEN1  and  PCNA  promoter  sequences,  further  studies  are  necessary  to  test 
these  observations.  Transfections  of  human  cell  lines  with  reporter  constructs,  containing 
various  regions  of  the  human  FEN1  5'  UTR,  may  help  elucidate  genomic  sequences 
critical  to  regulated  FEN1  gene  expression,  as  well  as  determine  if  FEN l’s  mRNA 
expression  pattern  is  regulated  similarly  to  PCNA.  Lastly,  extensive  sequencing  of 
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genomic  DNA  proximal  to  the  human  FEN1  gene  will  be  necessary  to  both  validate  the 
original  genomic  sequence  and  further  examine  putative  regulatory  elements. 

6-3;  Conclusions 

A  role  for  human  FEN1  protein  has  been  proposed  in  DNA  replication  (Ishimi  et 
al.,  1988;  Goulian  et  al.,  1990;  Turchi  and  Bambara,  1993;  Waga  et  al.,  1994)  and  DNA 
repair  (Matsumoto  et  al.,  1994, 1998;  Frosina  et  al.,  1996;  Klungland  and  Lindahl,  1997). 
I  have  demonstrated  that  human  FEN1  mRNA  levels  increase  as  HeLa  cells  progress 
from  early  Gi  towards  S  phase  of  the  cell  cycle  (Chapter  4,  Section  4-2.3)  and  when 
MRC-5  cells  are  serum-stimulated  to  proliferate  (Chapter  4,  Section  4-2.9).  Additionally, 
results  in  Chapter  5  suggest  that  FEN1  mRNA  levels  decrease  when  asynchronous  human 
MRC5-SV  culture  cells  experience  DNA  damage  caused  by  UV  light  or  alkylating  agents 
that  results  in  cell  cycle  arrest.  Because  similar  mRNA  expression  patterns  were 
observed  when  PCNA  mRNA  levels  were  analyzed  in  parallel  (Chapters  4,5),  it  is 
possible  that  human  FEN1  and  PCNA  gene  expression  may  be  regulated  by  similar 
mechanisms.  Based  on  that  premise,  I  examined  FEN1  and  PCNA  mRNA  levels  in 
various  human  tissues.  It  appeared  that  FEN1  and  PCNA  mRNA  levels  were  similar 
among  the  various  tissues  studied  (Figures  6-1A,  6-1B),  although  PCNA  mRNA  may  be 
slightly  more  ubiquitously  expressed.  Additionally,  a  comparison  of  the  human  FEN1 
and  PCNA  promoter  regions  (Table  6-2)  revealed  numerous  similarities  between  the 
sequences.  It  is  possible  that  transcriptional  regulatory  elements  (TREs)  in  the  PCNA 
promoter  and  similar  putative  elements  in  the  FEN1  promoter  are  controlled  by  the  same 
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cell  cycle-dependent  mechanisms.  Further  studies  are  necessary  to  examine  the  actual 
FEN]  TREs  that  govern  its  expression  during  the  cell  cycle. 

A  comparison  of  the  human  FEN]  genomic  sequence  (Figure  6-2B,  Lamerdin  et 
al.,  1998)  with  the  cDNA  sequence  (Figure  6-2A,  Murray  et  al .,  1994)  revealed  that  the 
human  FEN1  gene  contains  no  introns.  Additionally,  although  the  coding  sequences  are 
identical  and  only  three  minor  discrepancies  exist  between  the  3'  UTR  of  genomic  and 
cDNA  sequences,  significant  differences  are  noted  in  the  5'  UTRs  (compare  Figures  6- 
2C,  6-2D).  This  suggested  that  one  of  the  5'  UTR  sequences  were  in  error,  and  I  propose 
that  it  is  the  cDNA  5'  UTR  sequence  (Murray  et  al.,  1994)  that  is  incorrect. 

This  proposal  is  based  on  several  observations.  Firstly,  the  human  FEN1  cDNA 
sequence  was  obtained  by  RT-PCR  of  HeLa  cell  polyA+  mRNA  to  probe  a  pDR2  human 
cDNA  library.  It  is  quite  possible  that  sequences  5'  to  the  coding  region  were  lost  or 
modified  during  library  construction  or  amplification.  Secondly,  the  cDNA  sequence 
was  postulated  to  be  correct  based  on  approximately  2.0  kb  FEN1  mRNA  transcripts 
observed  on  Northern  blots  of  total  human  RNA.  Studies  of  human  FEN1  mRNA  levels 
in  synchronized  HeLa  and  MRC-5  cells  (Chapter  4),  and  using  28S  and  18S  rRNA  bands 
as  relative  size  markers  suggested  that  human  FEN1  mRNA  transcripts  were  slightly 
larger  than  2.0  kb.  Further  investigations  of  FEN1  mRNA  levels  in  different  human 
tissues,  using  RNA  markers  run  in  parallel,  shows  that  FEN1  mRNA  transcripts  are 
approximately  2. 2-2. 3  kb  in  size  (Figure  6-1A).  Lastly,  analysis  of  1300  bases  from  the 
genomic  DNA  sequence,  5'  to  the  FEN1  coding  region,  by  NNPP  (Reese,  1994;  Reese  & 
Eeckman,  1995;  Reese  et  al.,  1996)  identifies  three  putative  transcriptional  start  sites 
(TSS)  for  human  FEN]  (Table  6-1).  Although  two  of  the  putative  FEN1  TSS  would 


result  in  transcripts  much  larger  than  previously  observed  (Chapter  4,5;  Murray  et  al. , 
1994),  the  third  NNPP-predicted  TSS  at  -306  would  result  in  human  FEN1  transcript 
sizes  of  approximately  22-23  kb.  This  is  in  agreement  to  what  I  observed  here  (Figure 
6-1  A,  Chapter  4,5)  and  slightly  larger  than  proposed  originally  by  Murray  et  al.  (1994). 

In  the  future  it  will  be  interesting  to  see  if  transcriptional  regulation  of  FEN1  is 
similar  to  PCNA.  Extensive  sequencing  of  the  human  FEN1  5'  UTR  region  and 
subsequent  examination  of  putative  TREs  using  reporter  constructs  will  be  necessary  to 
test  the  observations  reported  here.  It  is  thought  that  this  initial  analysis  of  the  FEN1 
promoter  region  may  be  of  use  in  future  research  into  the  regulation  of  the  human  FEN1 
gene. 
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Figure  6-1.  FEN1  and  PCNA  mRNA  levels  in  12  different  human  tissues. 

Approximately  2  pg  of  polyA+  mRNA  from  12  different  human  tissues  were 
separated  by  denaturing  gel  electrophoresis,  transferred  to  nylon  membranes 
(Multiple  Choice™,  Origene  Technologies),  and  probed  with  a-[32P]  dATP-labeled 
(A)  FEN1,  (B)  PCNA,  (C)  GAPDH,  or  (D)  p-actin  cDNA.  The  approximate  sizes  of 
mRNA  transcripts  detected  were  FEN1:  2. 2-2. 3  kb,  PCNA:  1.6  kb,  GAPDH:  1.4  kb, 
P-actin:  2.2-2. 3  kb.  The  P-actin  probe  also  detected  a-actin  (1.7-1. 8  kb)  in  most 
tissues  examined.  The  results  suggest  that  human  FEN  1  and  PCNA  mRNA  levels 
are  similar  in  different  human  tissues. 
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Figure  6-2A.  The  human  FEN1  coding  region.  The  human  FEN1  coding  regions  from 
the  cDNA  sequence  (Murray  et  al. ,  1994)  and  the  genomic  DNA  sequence  (Lemardin  et 
al,  1998  unpublished)  were  compared  and  found  to  be  identical.  The  predicted 
translation  product  is  shown  below  the  coding  region  in  single-letter  amino  acid  code. 
The  *  symbol  depicts  the  termination  codon. 
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ATGTGTTTCCCCATTATACCTCCTTCACCCCAGAATATTTGCCGTCTTGTACCCTTAAGA 
ATGTGTTTCCCCATTATACCTCCTTCACCCCAGAATATTTGCCGTCTTGTACCCTTAAGA  1200 
************************************************************ 

GCTACAGCTAGAGAAACCTTCACGGGGTGGAGAGGATTCTAAGGCTTTTCTAGCGTGACC 
GCTACAGCTAGAGAAACCTTCACGGGGTGGAGAGGATTCTAAGGCTTTTCTAGCGTGACC  1260 


CTTTTCAGTAGTGCTAGTCCCTTTTTTACTTGATCTTAATGGCAAGAAGGCCACAGAGGT 
CTTTTCAGTAGTGCTAGTCCCTTTTTTACTTGATCTTAATGGCAAGAAGGCCACAGAGGT  1320 
************************************************************ 

ACTTTTCCTTTTTTTAGCTCAGGAAAATATGTCAGGCTCAAACCACTTCTCAGGCAGTTT 
ACTTTTCCTTTTTTTAGCTCAGGAAAATATGTCAGGCTCAAACCACTTCTCAGGCAGTTT  1380 
************************************************************ 

AAT  G  G  AC  AC  T  AAGT  C  CAT  T  G  T  T  AC  AT  G  AAAG  T  GAT  AGAT  AG  C  AAC  AAG  T  T  T  T  G  G  AGAAG  A 
AAT  G  GAC  AC  T  AAG  T  C  CAT  T  G  T  TAC  AT  GAAAGT  GAT  AGATAGCAACAAG  T  T  T  T  G  GAGAAG  A  1440 
************************************************************ 

GAGAGG  G  AG  AT  AAAAGGGGGAGACAAAAGAT  G  T  AC  AGAAAT  GAT  TTCCTGGC  T  GGC  AACT 
GAGAGGGAGATAAAAGGGGGAGACAAAAGATGTACAGAAATGATTTCCTGGCTGGCAACT  1500 
************************************************************ 

GGTGGCCAGTGGGAGGTGATGGTGGACCTAGACTGTGCTTTTCTGTCTTGTTCAGCCTTG 
GGTGGCCAGTGGGAGGTGATGGTGGACCTAGACTGTGCTTTTCTGTCTTGTTCAGCCTTG  1560 
************************************************************ 

AC  C  C  AC  C  T  T  G  AG  AG  AGAG  C  C  AC  C  AG  G  AAG  G  C  G  CAT  C  T  -  AG  C  AG  -  T  G  G  GAG  G  AAC  TAC  T  G  A 
ACCCACCTTGAGAGAGAGCCACCAGGAAGGCGCATCTTAGCAGATGGGAGGAACTGCTGA  1620 


GAGAAGATGGGCAGAAAGCTGGAGCCCCTGGAGTTGGCTGTGTCTGTGTTTGTGACTGAT 
GAGAAGATGGGCAGAAAGCTGGAGCCCCTGGAGTTGGCTGTGTCTGTGTTTGTGACTGAT  1680 
************************************************************ 

TACTGGCTGTGTCTTGGGTGGGCAGAAACTCGAACTTGCTATGTAATTTGTGTCTAGTTA 
TACTGGCTGTGTCTTGGGTGGGCAGAAACTCGAACTTGCTATGTAATTTGTGTCTAGTTA  1740 
************************************************************ 

TTCAGAGGAGTAAGATGGTGATGTTCACCTGGCAATCAGCTGAGTTGAGACTTTGGAATA 

T  T  C  AG  AG  G  AG  T  AAG  AT  G  G  T  GAT  G  T  T  C  AC  C  T  G  G  C  AAT  C  AG  C  T  GAG  T  T  GAG  AC  T  T  T  G  G  AAT  A  ™UU 
************************************************************ 

AGACACTGGTTTTCATGCGCTGTTTTTGTTTTAAGTTATGAAGAAAAAAGTCAATAAAAT 
AGACACTGGTTTTCATGCGCTGTTTTTGTTTTAAGTTATGAAGAAAAAAGTCAATAAAAT  I860 
************************************************************ 


TCTAAAAGTAACC 

T  C  T AAAAGTAAC  C 
************* 


Figure  6-2B.  Human  FEN1  cDNA  and  genomic  DNA  3’UTR  comparison.  The 

human  FEN1  3’  UTR  sequences  derived  from  cDNA  (Murray  et  al.,  1994)  and 
genomic  DNA  (Lemardin  et  al.,  1998  unpublished)  were  compared  and  show  only  3 
minor  discrepancies  (indicated  above).  The  top  rows  depict  the  cDNA  sequence  and 
the  bottom  rows  depict  the  genomic  DNA  sequence.  The  numbers  to  the  right 
indicate  the  sequence  position  in  relation  to  the  ‘A’  (+1)  of  the  initiator  codon 
(ATG).  The  sequence  CAATAA  in  both  genomic  and  cDNA  sequences  (nt  1855- 
1860)  is  the  poly-adenylation  signal. 
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_367  AGTCCTG 
-360  CGATTTCGGTGTAGAGGAGCAGGGGCTGCGGGACCTGGTGTGGGTGGAGTGGGACAAGCG 
-300  GTGGAGAAGGGTACGCCAGGGTCGCTGAGAGACTCTGTTCTCCCTGGAGGGACTGGTTGC 
-240  CATGAGAGCAGCCGTCTGAGGGGACGCAGCCTGCACTACGCGCCCCAAGAGGCTGTGCGT 
-180  GGCGAGCAGGTCACGTGACGGGAGCGCGGGCTTTGGAAGGCGGCTGAACGTCAGGCCACC 
-120  CGCCGCTAAGCTGAGAAGGGAGAGCGAGCTTAGGACCGCCTGCCCGGGGCAACCCCGAAC 
-60  CAAGCTTTAGCCGCCGAGGCCGCGTGTCCCAAAGGCCAGTCATCCCTCCTCTGTGTTGCC 


D. 

-1320  CCTGGAACTCCTGGGCTCATGTGATCCTCCCACCACGGCCTCCCAAAGTGCTGGGATTAC 
-1260  TGCCCAGAGCCTCTGTGCCTGGCCCCAGTAGAATATTTCTTGGAGTATTGGACACATACC 
-1200  AACAGTGGGCACAAGATGAGTTTTTTATTTTTTTGAGACGGAGTCTCACTCTCTTGCTAG 
-1140  GCTGGAGTGCAGCGGCACAATCTCGGCTCACTGCATTCTCTGCCTCCTGGGTTCAAGCGA 
-1080  TTCTCCTGCCTCAGCCTCCCGAGTAGCTGGGATTACAGGTGCACACCACCACACCCAGCT 

-1020  aattttttttttttttgtatttttagtagagacagggtttcaccgtgttggccaggatgg 

-960  CAAGATGATTTTAAATTGCACCCCCTAAAAATCCTTTTTAATAGTTATACATTTAATACA 
-900  TATTAAAATATAACTAATAGAACACAAATATTATTGCTTATGAGTTTTCCAGTTTAGTTT 

-  8  4  0  TTTAAAAAAAATTCTAAGTGAATGAAAGTACGGGTTTTAGTTGGAAGTAGCAAAAATCTG 
-780  GAGGGTGATTTGGGAAACACTGCTATCTGGGAAACACTGAACTCTGAAGTGCAATACTCT 
-720  TTTGAGCCCAGTGACTACAGCATGCCAGACCCCTAAATCAGGACCTGGGGAGGAGCCATG 

-  6  60  GAGTTAACATTTCAGACTGAGTGGTGGCGAGAAAACGCAAAGGGAAAGACTTGAAACTCT 
-600  AGCAACATTATAATAAAAGTAGAAACTCTTATGTGCTGAGGCGATGATGAAGAGAGTTTA 
-540  GAGAAGCTTGTGAGAAAGCCACATCACCTCCATTCAGATATGTTTGCAATCCTTTTTCAA 

-480  ggctgccttattagtcagggttctccagagactcaaaacaaatcagatctgtttgtttag 
-420  CTGGTGTATTTGCCTGTCTTTCAGGTCTGCCATTATGGTCCCTGGACTCCTCAAGCCAGG 
-360  CCAAGCATCCTGGCCTTCTGTGGTCCTTGATGGAGACCTATGTTGCAGGTTTTTTTTGTG 
-300  TAATAAATAATGCTGCTACCTTAGAATATCAACAGTATCTTATTTCTCTAAGCACGTGGT 
-240  TCAATTTCTGGTACTCGTTGAGCCTTACTATTGAGTAAATTCTCCTGCTAGACTGAGTTT 
-180  TTTGAGAATGGGGACCTTGTTCATCTTTTTATCTTTAGCAGTGCTGACATGGTGTCCTTT 
-120  TTGTTGTGTGGAATTTAGTTGAAGGCATGAAGTTGGTGAGATAACACCAGTTATAACCTT 

-  60  TCTCCTTTCCTCCGTCTCTGACTTGCCTTTCTTTTTTAGTCATCCCTCCTCTGTGTTGCC 


Figure  6-2  (C,  D).  Comparison  of  FEN1  cDNA  and  genomic  5'  UTR  sequences.  1320 
bases  from  the  genomic  human  FEN1  sequence,  upstream  (5')  of  the  translational  (ATG) 
start  site  (+1),  were  compared  to  the  cDNA  sequence.  (C)  The  5'  UTR  of  the  human 
FEN1  gene  obtained  from  probes  of  a  human  pDR2-cDNA  library  (Murray  et  al.,  1994). 
(D)  The  sequence  of  the  5'  UTR  of  the  human  FEN l  gene  was  obtained  from  genomic 
DNA  as  part  of  the  Human  Genome  sequencing  project  (Lamerdin  et  al.,  1998 
unpublished).  Only  the  23  bases  immediately  5'  to  the  translational  start  site  were 
identical  between  the  two  sequences  (shown  in  bold).  Prior  (5')  to  that  sequence,  there 
are  no  significant  identities  or  similarities  between  the  cDNA  and  genomic  5'  UTRs  of 
human  FENL  Although  the  coding  regions  are  identical  between  the  two  sequences,  and 
there  are  only  three  minor  differences  in  the  3’  UTR  comparison,  the  extensive 
l  differences  in  the  5'  UTR  suggests  that  the  5'  UTR  cDNA  sequence  may  be  incorrect. 
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Table  6-1.  Putative  Transcriptional  Start  Sites  within  the  human  FEN1  5'  UTR. 
1323  bases  of  genomic  DNA  sequence  5’  to  the  human  FEN1  initiator  codon  (ATG), 
were  analyzed  by  Promoter  Prediction  by  Neural  Network  (NNPP).  The  output  of 
promoter  predictions  by  NNPP  is  a  list  of  the  51 -base  eukaryotic  sequences 
containing  the  predicted  transcription  start  site  (TSS)  of  regions  that  the  algorithm 
judges  most  likely  to  be  promoters.  Nucleotides  (nts)  are  numbered,  taking  A  of  the 
initiator  codon  ATG  as  +1.  The  predicted  TSS  are  indicated  in  bold. 

Predicted  Promoters: 


START 

END 

Putative  TSS  and  flanking  seauence 

1.) 

-959 

-909 

caagatgattttaaattgcaccccctaaaaatcctttttaAtagttatac 

2.) 

-698 

-648 

atgccagacccctaaatcaggacctggggaggagccatggAgttaacatt 

3.) 

-306 

-256 

ttttgtgtaataaataatgctgctaccttagaatatcaacAgtatcttat 

l 
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Site 

Consensus  Sequence 

FEN1  Sequence 

Location 

PCNA  Sequence 

TATA  box 

TATA(A/T)A(A/T) 

TAAAAAT 

-934  -928 

none 

TATTAAA 

-900  -894 

TATTATT 

-871  -865 

TAAAAAA 

-838  -832 

TATAATA 

-591  -585 

TAAATAA 

-297  -291 

CAAT  box 

CCAAT 

CCATT 

-510-506 

CCAAT 

GCAAT 

.494  -490 

CAAAT 

-442  -438 

CCATT 

-391  -387 

CCAAG 

-360  -356 

CCTAT 

-324  -320 

TCAAT 

-239  -235 

CCAGT 

-74  -70 

Spl  site 

(G/T)GGGCGG 

GGGGAGG 

-674  -665 

GGGGCGGGCC 

(GGC/AAT) 

AGC 

AGGGCGGGGC 

CRE 

(T/G)(T/A)CGTCA 

ACATCA 

-520-515 

ACGTCG 

TCCTCA 

-373  -368 

TCGTCA 

TCCTCA 

-370  -375 

TCGTAA 

-287  -292 

TCGTGA 

-135-140 

AP-1 

TGACTCA 

TGACTACA 

-708 -701 

TGACTA 

AGACTGA 

-647  -640 

GGACTCA 

-377  -370 

AGACTGA 

-191  -184 

AP-2 

TGGGGA 

TGGGGA 

-172-167 

none 

AP-3 

TGTGG(AAA/TTT)G 

TGTGAGAAAG  -532-523 

TGTGGAGAT 

TGTG 

TGTGGAATT 

-113-105 

AP-4 

CAGCTGTGG 

GAGCGGTGG 

-630  -638 

CATATGTGG 

CAGCTGCTG 

Table  6-2. 

Analysis  of  putative  human  FEN1  transcriptional  response  elements 

(TREs).  1323  bases  5'  to  the  human  FEN1  initiator  codon  (ATG)  from  the  genomic 
DNA  sequence  were  analyzed  by  PROMOTER  SCAN  (Prestridge,  Advanced 
Biosciences  Computing  Center,  University  of  Minnesota).  Sequences  obtained  by 
that  programme,  as  well  as  other  putative  human  FEN]  TREs  that  display  sequence 
similarities  to  published  PCNA  TREs  are  depicted.  Homology  between  the  consensus 
sequence  and  similar  sequences  in  the  human  FEN1  gene  are  indicated  in  bold. 
Location  of  putative  FEN1  sequences  are  in  relation  to  the  initiator  codon  ATG  (+1). 
References  to  PCNA  sequences  are  from  Travali  et  al.,  1989. 


CHAPTER  SEVEN:  CONCLUSIONS 


The  aims  of  this  thesis  were  to  examine  human  FEN1  expression  and 
solubility  patterns  throughout  the  cell  cycle,  on  re-entry  into  the  cycle  following 
quiescence,  and  in  response  to  DNA  damage.  I  also  wanted  to  test  whether  human 
FEN1  and  PCNA  proteins  might  functionally  interact  in  whole  cells  by  examining 
solubility  and  localization  of  both  proteins  in  asynchronous,  synchronized,  and 
damaged  cells.  To  address  these  questions,  I  have  purified  human  FEN1  protein, 
screened  antibodies  suitable  for  use  in  subsequent  stages  of  the  project,  determined 
the  subcellular  localization  of  human  FEN  1  and  PCNA  proteins,  analyzed  expression 
of  FEN1  and  PCNA  at  the  mRNA  and  protein  level,  and  compared  their  solubility 
patterns  throughout  the  cell  cycle  and  in  response  to  DNA  damage.  Finally,  I  have 
identified  putative  transcriptional  control  elements  that  might  regulate  FEN1  gene 
expression  in  response  to  cell  cycle-dependent  or  DNA  repair-dependent  mechanisms. 

7-1  Summary 

7-L1  Novel  Antibodies  to  FEN1  Protein 

During  the  course  of  this  project  we  have  developed  two  novel  antibodies  to 
FEN1  protein:  anti-Xenopus  FEN1  (J.L.-Li  et  al.,  manuscript  submitted)  and  anti¬ 
peptide  FEN1  polyclonal  antibodies  (see  Chapter  3).  I  extensively  tested  both 
antibodies  and  showed  that  they  recognize  recombinant  and  endogenous  human  FEN1 
protein  on  western  blots.  Side-by-side  comparisons  of  the  two  antibodies 
demonstrated  that  anti-Xenopus  FEN1  antibody  provided  the  strongest  detection 
signal;  consequently,  anti-Xenopus  FEN1  antibodies  were  used  for  the  remainder  of 
the  project. 


IzltA  Human  FEN1  Appears  to  be  a  Nuclear  Protein 

Transient  transfection  of  asynchronous  HeLa  cells  with  GFP-FEN1  plasmid 
cDNA,  and  fluorescence  microscopic  analysis  of  cells  expressing  GFP-FEN1  protein 
showed  that  GFP-FEN1  (GFP-wt  FEN1)  protein  localizes  to  the  nucleus  (Chapter  3, 
Figure  3-12).  This  result  agrees  with  FENl's  putative  role  in  DNA  replication  (Ishimi 
et  al,  1988;  Goulian  et  al,  1990;  Turchi  and  Bambara,  1993;  Waga  et  al,  1994),  and 
its  consensus  nuclear  localization  signal  (Murray  et  al.,  1994).  Additionally,  a  mutant 
GFP-FEN1  protein  (GFP-AFEN1),  which  lacks  a  23  amino  acid  domain  (amino  acids 
225-247)  near  the  C-terminus  that  is  present  in  wild-type  FEN1  protein,  also  localized 
to  the  nucleus  (Figure  3-12),  suggesting  that  amino  acids  225-247  are  not  required  for 
nuclear  localization.  Because  FEN1  and  PCNA  proteins  have  been  shown  to  interact 
in  vitro  {Uetal,  1995;  Chen  et  al,  1 996;  Warbrick  etal,  1997),  and  are  suspected  to 
interact  in  an  S  phase-specific  manner  in  vivo  (Warbrick  et  al.,  1997),  I  also  analyzed 
the  subcellular  localization  of  PCNA  protein  in  GFP-wt  FEN1  transfected  HeLa  cells 
that  were  fixed  in  situ  with  methanol-acetone  (50:50).  Previous  studies  (Celis  and 
Cells,  1985;  Bravo  and  MacDonald-Bravo,  1987)  had  demonstrated  that  nuclear 
PCNA  protein  exhibits  a  punctate  nuclear  staining  pattern  in  S  phase  cells  fixed  with 
organic  solvents.  Immunofluorescence  microscopic  examination  of  GFP-FEN1 
transfected  HeLa  cells  stained  with  the  anti-PCNA  antibody  PC  10  (Waseem  and 
Lane,  1990)  showed  a  number  of  cell  nuclei  that  were  positive  for  PCNA  protein 
(Figure  3-13C).  Surprisingly,  further  analysis  of  those  same  cells  revealed  that  GFP- 
FEN1  protein  was  present  not  only  in  cell  nuclei  where  PCNA  protein  was  detected, 
but  also  in  nuclei  where  little  or  no  PCNA  protein  was  observed  (Figure  3-13).  This 

suggests  that  a  proportion  of  FEN1  protein  may  be  methanol-insoluble  in  non-S 
phase,  as  well  as  S  phase  cells. 
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7-1.3  FEN1  mRNA/Protein  Levels  Increase  in  a  Cell  Cycle-Dependent  Manner 


It  has  been  previously  demonstrated  that  numerous  factors  involved  either 
directly  or  indirectly  with  nuclear  DNA  replication  show  increased  mRNA  and 
protein  expression  during  cell  cycle  progression  from  early  Gj  towards  S  phase,  and 
following  transition  from  the  quiescent  to  proliferative  state  (reviewed  in  Chapter  4). 
I  have  demonstrated  here  that  human  FEN1  mRNA  and  protein  levels  also  increase  as 
synchronized  HeLa  cells  progress  from  early  Gi  towards  S  phase  of  the  cell  cycle 
(Chapter  4,  Figures  4-2,  4-5),  and  when  primary  MRC-5  cells  exit  the  quiescent  state 
and  progress  towards  S  phase  (Chapter  4,  Figures  4-11,  4-12),  supporting  a  role  for 
FEN1  in  S  phase.  This  observed  increase  in  human  FEN1  protein  is  thought  to  be 
regulated  at  the  transcriptional  level,  based  on  increased  mRNA  levels  and  the 
existence  of  several  putative  cell  cycle-dependent  regulatory  elements  in  the  human 
FEN1  promoter;  however,  further  regulation  at  the  translational  or  post-translational 
level  has  not  been  ruled  out. 

7-1.4  FEN1  and  PCNA  Protein  are  not  Co-Extracted  bv  DNase  I  Treatment 

Because  FEN1  and  PCNA  are  reported  to  associate  with  one  another,  and  with 
DNA,  in  an  S  phase-specific  manner  (see  Section  7-1.2),  I  expected  FEN1  and  PCNA 
proteins  to  have  similar  solubility  patterns  in  synchronized  cell  populations.  While 
substantial  levels  of  DNase  I-extracted  PCNA  protein  were  observed  in  S  phase  cells, 
very  little  FEN1  protein  was  detected  in  those  same  extracts  (Chapter  4,  Figures  4-7, 
4-13).  This  suggests  that  the  FEN  1 -PCNA  protein  interaction  may  be  very  transient, 
strongly  supporting  earlier  observations  (Warbrick  et  al,  1997),  and  that  PCNA  may 
serve  only  to  increase  FEN1  residence  time  at  the  site  of  cleavage  or  it  may  stabilize 
FEN1  activity  at  physiological  salt  concentrations  (Li  et  al.,  1995;  Wu  et  al.,  1996; 
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|  Lieber,  1997).  Additionally,  it  may  also  suggest  that  a  decrease  in  FEN1  solubility 

I 

may  not  be  a  requirement  for  its  role  in  DNA  replication. 

7-1.5  Insoluble  FEN1  Protein  was  Present  throughout  the  Cell  Cycle 

Following  extraction  of  soluble  and  DNA-associated  protein  from 
synchronized  cell  populations,  substantial  levels  of  insoluble  FEN1  protein  were  still 
observed  in  G1  through  to  S  phase  cells  (Chapter  4,  Figures  4-8,  4-13).  Unlike  PCNA 
protein,  which  exhibits  an  S  phase-specific  pattern  of  insolubility  (see  Chapter  4, 
Section  4-1),  this  result  suggests  that  a  proportion  of  FEN  1  protein  remains  insoluble 
throughout  the  cell  cycle.  This  result  also  agrees  with  my  observations  of  GFP-FEN1 
protein  in  HeLa  cell  nuclei  where  no  PCNA  protein  was  detected  (see  7-1.2). 

7-1.6  Human  FEN1  Expression  and  Solubility  Patterns  are  not  Significantly 
Altered  in  Response  to  DNA  Damage 

A  role  for  human  FEN1  in  BER,  and  possibly  other  types  of  DNA  repair 
mechanisms  have  been  strongly  suggested  (reviewed  in  Chapter  5).  When  human 
MRC5-S V  cells  were  treated  with  the  alkylating  agent  MMS,  both  FEN  1  and  PCNA 
mRNA  levels  steadily  decreased  for  up  to  4  hours  following  treatment,  and  then 
increased  to,  or  above,  untreated  control  levels  within  24  hours  post-treatment  (Figure 
5-3).  Increases  in  both  FEN1  and  PCNA  mRNA  levels  4-8  hours  following  treatment 
can  be  largely  attributed  to  cell-cycle-dependent  induction  of  those  genes,  since  FACS 
analysis  (Chapter  5,  Figure  5-1)  shows  near  synchronous  entry  into  S  phase  8  hours 
following  MMS  treatment.  This  suggests  that  neither  FEN1,  nor  PCNA,  are 
transcriptionally  induced  in  response  to  alkylation  damage.  Additionally,  because 
most  BER  mechanisms  are  completed  within  60  minutes  following  DNA  damage 
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f  (Fortini  et  al.,  1998),  it  is  unlikely  that  increased  FEN1  and  PCNA  mRNA  levels 

\ 

;<  observed  here  were  part  of  a  DNA  damage  response. 

In  contrast  to  mRNA  levels,  no  changes  in  either  FEN1  protein  levels  or 
solubility  patterns  were  detected  over  the  24  hours  following  MMS  treatment 
(Chapter  5,  Figure  5-4).  Although  no  increase  in  PCNA  protein  levels  also  was 
observed,  PCNA  protein  did  show  a  dramatic  solubility  decrease  within  30  minutes  of 
MMS  treatment,  and  elevated  levels  of  insoluble  PCNA  were  observed  for  up  to  24 
hours  post-treatment  (Figure  5-4).  Even  though  this  decrease  in  PCNA  protein 
solubility  further  supports  a  role  for  PCNA  in  BER  in  vivo,  the  lack  of  a  solubility 
change  for  FEN1  protein  does  not  imply  that  it  does  not  participate  in  BER 
mechanisms.  Instead,  it  may  suggest  that  a  role  for  FEN1  protein  in  BER  is  not 
dependent  on  a  concomitant  change  in  its  solubility. 

When  human  MRC5-SV  cells  were  treated  with  10  J/m2  UV  irradiation,  FEN1 
and  PCNA  mRNA  levels  increased  within  3-7  hours  following  treatment  (Figure  5- 
10).  However,  FACS  analysis  (Figure  5-8)  suggest  that  the  observed  increases  may 
have  been  the  result  of  cell  cycle-dependent  transcriptional  induction  of  FEN1  and 
PCNA,  although  some  form  of  transcriptional  induction  by  DNA  repair  mechanisms 
has  not  been  ruled  out.  No  changes  in  either  FEN1  protein  levels  or  solubility  were 
observed  as  a  result  of  10  J/m2  UV  irradiation  of  MRC5-SV  cells.  Similarly,  no 
increase  in  PCNA  protein  levels  were  detected,  however  a  significant  decrease  in 
PCNA  solubility  was  noted  within  3  hours,  and  continued  for  up  to  12  hours  post¬ 
treatment  (Figure  5-11).  This  further  supports  a  role  for  PCNA  protein  in  NER 
mechanisms  (Shivji  et  al.,  1992;  reviewed  in  Chapter  5).  The  lack  of  FEN1  solubility 
changes  in  response  to  UV  irradiation  may  indicate  that  either  FEN1  does  not 
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participate  during  NER  in  vivo,  or  that  changes  in  FEN1  solubility  or  protein  levels 
are  not  necessary  for  a  functional  role  in  NER. 

—•7  The  Human  FEN1  Gene  Contains  Numerous  Putative  TREs  that  may 
Regulate  its  Expression 

Similar  patterns  of  human  FEN1  and  PCNA  mRNA  levels  were  observed  in 
both  synchronized  (Chapter  4)  and  DNA  damaged  cells  (Chapter  5).  Similarities  in 
mRNA  levels  suggests  that  both  genes  may  be  similarly  controlled  at  the 
transcriptional  level.  Now  that  the  human  FEN1  genomic  DNA  sequence  is  available 
(Lamerdin  et  al.,  1998  unpublished),  I  examined  sequences  upstream  of  the  FEN  I 
translational  start  site,  and  propose  a  putative  transcriptional  start  site  (TSS)  (-306, 
Table  6-1)  and  several  putative  transcriptional  regulatory  elements  (TREs)  that  may 
regulate  FEN1  expression  by  either  cell  cycle-dependent  or  DNA  damage-dependent 
mechanisms  (Chapter  6,  Table  6-2).  Additionally,  based  on  my  proposed  TSS  for 

FEN1  at  -306’  and  analysis  of  F£N1  mRNA  derived  from  different  human  cell  lines 
(Chapters  4,  5)  and  tissues  (Chapter  6,  Figure  6-1),  I  propose  that  FEN1  transcripts 

are  2.2-2.3  kb  in  size,  which  is  slightly  larger  than  the  2.0  kb  previously  reported 
(Murray  et  al.,  1994). 

7r2  Implications  for  FENI's  Role  in  DNA  Replication  nn,l  R.p.,1- 

The  results  in  this  thesis  lend  strong  support  to  a  role  for  human  FEN1  in 
nuclear  DNA  replication.  The  observation  that  human  FEN1  mRNA  and  protein 
levels  increase  from  early  G,  through  to  S  phase,  and  peak  coincident  with  the  onset 
of  S  phase  (Chapter  4),  parallels  similar  mRNA  and  protein  increases  observed  for 
numerous  other  factors  involved  in  nuclear  DNA  replication  (reviewed  in  Chapter  4). 
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(Auumonaiiy,  the  observation  that  GFP-FEN1  protein  localizes  in  HeLa  cell  nuclei 
(Chapter  3,  Figures  3-12,  3-13)  suggests  that  endogenous  FEN1  protein  also  localizes 
and  functions  in  the  nucleus,  further  supporting  a  role  for  FEN1  during  nuclear  DNA 

|  replication  in  vivo. 

h 

I  Because  PCNA  has  been  shown  to  bind  and  stimulate  FEN1  enzyme  activity 

in  vitro  (Li  et  al.,  1 995;  Wu  et  al.,  1 996;  Chen  et  al,  1 996;  Warbrick  et  al,  1 997),  and 
because  PCNA  protein  solubility  has  been  shown  to  decrease  in  an  S  phase-specific 
manner  in  vivo  (Madsen  and  Celis,  1985;  Bravo  and  MacDonald-Bravo,  1985,  1987; 
Chapter  4),  I  expected  to  see  a  similar  decrease  in  FEN1  protein  solubility  in  S  phase 
cells.  However,  this  was  not  observed  since  significant  levels  of  PCNA  were 
extracted  by  DNase  I  treatment  of  S  phase  cells  (Chapter  4,  Figures  4-7,  4-13),  but 
very  little  (Figure  4-7),  or  no  (Figure  4-13)  FEN1  protein  were  detected  in  those  same 
extracts.  This  suggests  that  either  the  FEN  1 -PCNA  interaction  was  disrupted  during 

protein  extraction,  or  more  probably,  that  a  stable  FEN  1 -PCNA  protein  interaction 
does  not  exist  in  vivo. 

PCNA's  toroidal  structure  (Krishna  et  al,  1994)  and  function  during  DNA 
replication  (Bravo  and  MacDonald-Bravo,  1987)  justify  its  decrease  in  solubility 
during  S  phase;  however,  the  same  cannot  be  said  for  FEN1  protein.  Although  the 
crystal  structure  of  P.  fuhosus  FEN1  (Figure  1-10,  Hosfield  et  al,  1998)  shows  that 
the  enzyme  has  an  arch  structure  that  can  encircle  ssDNA,  previous  studies  have 
shown  that  the  movement  of  FEN1  is  bi-directional  and  it  can  slide  off  ssDNA  flap 
structures  (Murante  e/  al,  1995).  Hosfield  et  al.  (1998)  suggest  that  FEN1  slides 
down  5'  flap  structures,  and  when  the  H3TH  domain  contacts  and  binds  duplex  DNA 
at  the  flap  junction,  the  helical  arch  encircling  the  ssDNA  flap  clamps  down,  bringing 
the  flap  junction  into  the  active  site  of  the  FEN1  enzyme,  and  DNA/RNA  cleavage 
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occurs.  This  implies  that  FENl's  association  with  DNA  is  very  transient,  and  the  only 
mechanism  which  could  explain  a  replication-dependent  decrease  in  FEN1  protein 
solubility  would  be  a  stable  protein-protein  interaction  involving  FEN1  and  another  S 
phase-insoluble  factor  such  as  PCNA.  My  results  suggest  that  the  FEN1-PCNA 
interaction  is  very  transient.  This  is  supported  by  the  observation  by  Jonsson  et  al. 
(1998)  that  FEN1  can  actually  inhibit  DNA  synthesis  by  DNA  Pol  S/PCNA  in  vitro, 
possibly  by  competing  for  PCNA  binding  with  Pol  8.  A  further  observation  that 
PCNA  stabilizes  FEN1  activity  at  physiological  salt  concentrations  (Li  et  al.,  1995; 
Wu  et  al.,  1996),  leads  me  to  propose  the  following  mechanism  for  FEN1  activity 
during  DNA  replication: 

As  the  PCNA-Pol  8  (or  Pol  s)  replicative  complex  synthesizes  DNA  from  an 
upstream  primer,  it  eventually  comes  into  contact  with  a  downstream  primer.  It  is 
possible  that  processive  DNA  replication  from  the  upstream  primer  results  in 
displacement  of  the  downstream  primer  from  its  template  (Siegal  et  al.,  1992),  which 
now  becomes  a  suitable  substrate  for  both  FEN1  (reviewed  in  Chapter  1)  and  RNase 
HI  (Murante  et  al.,  1998).  RNase  HI  either  endo-  or  exonucleolytically  cleaves  the 
majority  of  the  RNA  primer,  leaving  1  ribonucleotide  (reviewed  by  Bambara  et  al., 
1997).  Downstream  strand  displacement  may  result  in  a  slowing/stalling  of  the 
replication  complex,  causing  Pol  8/s  to  dissociate.  This  dissociation  now  exposes  the 
FEN1  binding  site  on  PCNA  (Jonsson  et  al.,  1998),  and  as  FEN1  slides  down  the 
ssDNA  flap  structure,  it  transiently  binds  PCNA.  Further  binding  of  duplex  DNA  at 
the  flap  junction  by  the  FEN1  H3TH  domain  (Hosfield  et  al.,  1998)  results  in  eventual 
flap  cleavage.  Cleavage  may  stimulate  FENl's  dissociation  from  PCNA,  allowing 
both  enzymes  to  be  recycled. 


This  proposed  model  may  explain  the  very  low  levels  of  DNase  I-extracted 
FEN  1  protein  I  observed  in  S  phase  cell  fractions.  It  is  also  consistent  with  a  role  for 
FEN1  protein  in  the  removal  of  primers  in  both  leading  and  lagging  strand  synthesis, 
and  possibly  in  DNA  repair  mechanisms. 

My  investigation  of  FEN1  expression  and  protein  solubility  changes  in 
response  to  MMS  or  UV  treatment  revealed  that  FEN1  is  probably  not 
transcriptionally  induced  as  a  result  of  alkylation  damage  or  UV  irradiation.  This  is 
not  surprising  in  that  most  DNA  repair  genes,  excluding  important  signalling 
molecules  such  as  p53,  are  constitutively  expressed  and  not  induced  as  a  result  of 
DNA  damage  (Hoeijmakers,  1993).  The  lack  of  a  solubility  decrease  of  FEN1  protein 
in  response  to  alkylation  or  UV-induced  DNA  damage  does  not  imply  that  FEN1  does 
not  participate  in  BER  and  NER  mechanisms,  respectively.  FEN1  solubility  does  not 
appear  to  change  during  DNA  replication,  and  a  role  for  FEN1  in  nuclear  DNA 
replication  is  strongly  suggested  (Ishimi  et  al.,  1988;  Waga  et  al.,  1994;  this  thesis). 
Although  a  role  for  FEN1  during  long-patch  BER  has  been  suggested  based  on  its 
ability  to  excise  certain  lesions  not  amenable  to  the  predominant  short-patch  BER 
mechanism  in  vitro  (Klungland  and  Lindahl,  1997;  Kim  et  al.,  1998),  an  additional 
role  for  FEN1  in  other  repair  processes  is  conceivable  based  on  my  proposed  model. 
Following  excision  of  DNA  damage  by  either  mismatch  repair  (MMR)  or  NER 
mechanisms,  subsequent  DNA  synthesis  is  necessary  for  completion  of  repair.  If 
processive  DNA  synthesis  during  repair  results  in  strand  displacement  and  flap 
formation,  FEN1  may  be  required  to  resolve  that  intermediate  DNA  structure.  Yeast 
FEN1  mutants  are  implicated  in  defective  cellular  responses  to  UV  irradiation 
(Murray  et  al.,  1994;  Reagan  et  al.,  1995)  and  alkylation  damage  (Reagan  et  al.,  1995; 
Sommers  et  al.,  1995),  and  show  instability  of  simple  repetitive  DNA  sequences 


(Johnson  et  al.,  1995).  A  role  for  FEN1  in  the  resolution  of  DNA  intermediate 
structures  resulting  from  DNA  synthesis  during  repair,  may  explain  those  observed 
deficiencies  in  yFENl  mutants. 

It  has  been  proposed  that  the  FEN1  and  p21c,pl/WAF1  proteins  may  compete  for 
PCNA  binding,  and  that  this  may  serve  as  a  replication-repair  switch  (Warbrick  et  al., 
1997;  Cox,  1997).  In  the  future,  that  model  may  be  tested  by  co-immunoprecipitation 
assays  of  cell  extracts  from  synchronized  cells  that  were  subjected  to  DNA  damage. 
Specifically,  one  could  compare  the  levels  of  p2lclpl/WAF1  and  FEN1  protein  in 
complex  with  PCNA  in  S  phase  cell  populations,  with  and  without  DNA  damage. 
Even  though  I  detected  very  low  levels  of  DNase  I-extracted  FEN1  protein  in 
synchronized  FleLa  cells,  immunoprecipitation  of  FEN1  protein  from  whole  cell 
extracts  would  serve  to  increase  the  concentration  of  FEN  1  protein,  and  levels  should 
then  be  sufficient  to  allow  an  analysis  of  the  proposed  replication-repair  switch 
model.  However,  such  studies  await  the  development  of  high-affinity,  high- 
specificity  antibodies  capable  of  immunoprecipitating  native  and  complexed  FEN1 
protein.  Our  lab  is  currently  pursuing  this  goal  (see  Section  7-4). 


7-3  Implications  for  the  Regulation  of  FEN1  Activity 

Unlike  insoluble  PCNA  protein,  which  is  readily  extracted  from  S  phase  or 
DNA-damaged  cells  by  DNase  I  digestion  of  dsDNA,  a  proportion  of  insoluble  FEN1 
protein  remains  in  cells  following  DNase  I  treatment  (Chapter  4).  Further  evidence 
that  a  population  of  insoluble  FEN1  protein  persists  throughout  the  cell  cycle  was 
demonstrated  when  methanol-fixed  GFP-FEN1  -transfected  HeLa  cells  showed  GFP- 
FEN1  protein  nuclear  localization  in  cells  where  no  PCNA  protein  was  detected 
(Chapter  3,  Figure  3-13).  These  results  suggest  that  a  proportion  of  insoluble  FEN1 


protein  remains  in  the  nucleus  throughout  the  cell  cycle.  What  is  the  purpose  of 
insoluble  nuclear  FEN1  protein  if  it  is  not  associated  with  DNA? 

Analysis  of  insoluble  protein  extracted  from  synchronized  HeLa  cells  showed 
that  the  levels  of  insoluble  FEN1  (SDS-extracted)  protein  may  actually  decrease  from 
early  Gi  towards  late  S  phase  (Chapter  4,  Figure  4-8).  Although  still  tentative,  this 
result  suggests  that  an  increase  in  FEN1  solubility  may  precede  its  activity  in  DNA 
replication  and  repair.  Unregulated  access  to  DNA  by  nucleases  such  as  FEN1  could 
lead  to  disastrous  consequences  in  terms  of  genomic  integrity.  Keeping  nucleases 
sequestered  within  insoluble  components  in  the  nucleus,  and  regulating  their  release 
or  activation,  may  be  a  way  in  which  cells  co-ordinate  and  control  nuclease  activity. 
It  is  possible  that  insoluble  FEN1  protein  sequestered  within  the  nucleus  may  be 
actively  recruited  during  DNA  replication  or  repair  by  post-transcriptional 
modifications  of  FEN  1  itself,  or  of  other  nuclear  factors  that  regulate  the  solubility  of 
FEN1  protein.  Although  I  observed  an  S  phase-dependent  increase  in  FEN1  mRNA 
levels  (Chapter  4),  suggesting  transcriptional  control  of  FEN1  protein  levels,  it  is 
possible  that  FEN1  protein  also  may  be  regulated  post-transcriptionally,  and  cell 
cycle-dependent  transcriptional  induction  may  serve  to  simply  re-establish  minimum 
insoluble  FEN1  protein  levels. 

These  possibilities  can  be  investigated  in  the  future  with  pulse-chase  3:>S- 
methionine  labelling  of  nascent  proteins  in  synchronized  cell  populations.  By 
exposing  synchronized  cells  to  a  brief  radiolabel  pulse,  and  subsequently  following 
the  sub-nuclear  distribution  of  labelled  FEN1  during  the  cell  cycle,  it  may  be  possible 
to  see  any  subtle  changes  in  FEN1  protein  solubility.  Specifically,  it  may  provide  a 
way  of  determining  if  newly  translated  FEN1  protein  becomes  part  of  the  insoluble 
FEN1  pool,  and  if  insoluble  FEN1  protein  is  released  during  S  phase  to  function 


during  DNA  replication.  A  similar  study  could  be  easily  adapted  to  examine  FEN1 
solubility  in  response  to  various  types  of  DNA  damage. 

In  addition  to  determining  whether  insoluble  FEN1  protein  becomes  soluble  in 
a  DNA  replication  or  DNA  repair-dependent  manner,  it  would  also  be  interesting  to 
discover  where  insoluble  FEN1  protein  is  bound,  and  what  signals  its  release. 
Because  insoluble  protein  extraction  typically  involves  protein  denaturation  that 
disrupts  most  protein-protein  interactions,  an  alternative  method  such  as  phage 
display  mapping  may  be  necessary  to  identify  peptide  motifs  that  bind  purified  native 
FEN1  protein.  Determination  of  motifs  capable  of  binding  FEN1,  and  subsequent 
database  searches,  may  identify  other  nuclear  proteins  that  might  bind  and  sequester 
FEN  1 .  Further  in  vitro  studies  with  purified  proteins  or  whole  cell  extracts  would 
then  be  necessary  to  verify  putative  protein-protein  interactions  suggested  by  phage 
display  and  database  searches.  Once  putative  interacting  proteins  are  determined,  an 
examination  of  factors  that  may  regulate  their  association,  such  as  phosphoylation  or 
ADP-ribosylation,  might  help  elucidate  FEN1  regulatory  mechanisms. 

7-4  Future  Directions 

To  further  study  FENl’s  role  and  regulation  during  the  cell  cycle  and 
in  response  to  DNA  damage,  high  affinity  antibodies  are  essential.  We  are  currently 
in  the  process  of  preparing  recombinant  human  FEN  1  protein  to  use  as  immunogen  in 
chickens.  Due  to  our  previous  difficulties  in  FEN1  antibody  production  in  mice  and 
rabbits,  it  is  thought  that  chickens  may  provide  a  viable  alternative,  in  that  their  self¬ 
tolerance  profile  to  highly  conserved  proteins  is  different  to  that  in  mammals  (Harlow 
and  Lane,  1988),  so  chickens  may  show  a  strong  immune  response  against  human 
FEN1.  Antibodies  could  be  used  for  immunofluorescence  microscopy  or  immuno- 


precipitation  of  FEN  1  protein  complexes  throughout  the  cell  cycle,  or  in  response  to 
DNA  damage,  to  determine  if  FEN  1  forms  protein  complexes  in  a  cell  cycle  or  DNA 
repair-dependent  manner.  Additionally,  establishing  stable  GFP-FEN1  transfected 
human  cells,  that  are  subsequently  synchronized  or  subjected  to  DNA  damage,  should 
allow  further  elucidation  of  FEN  1  protein's  subcellular  distribution  throughout  the  cell 
cycle  and  in  DNA  repair.  Lastly,  establishment  of  human  cell  lines,  stably  transfected 
with  an  inducible  GFP-FEN 1  gene,  may  provide  an  alternative  way  for  determining 
whether  FEN1  expression  is  absolutely  required  for  either  DNA  replication  or  repair 
ex  vivo,  and  by  inference,  in  vivo. 
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